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ABSTRACT 
Wastewater contains resources such as energy, clean water, and nutrients. Under the 
current wastewater treatment paradigm (i.e., activated sludge), resources are consumed rather 
than recovered. Anaerobic bioreactors are a potentially viable alternative to traditional aerobic 
wastewater treatment for several reasons, to include their ability to generate methane-rich 
biogas while simultaneously reducing volumes of waste sludge and decreasing waste disposal 
burden. Multiple-compartment anaerobic bioreactors, such as the anaerobic baffled reactor 
(ABR), are particularly attractive due to the reactor’s low complexity and its ability to generate 
methane with little to no energy input. Despite these advantages, pilot-scale demonstrations of 
ABRs, or variations of the ABR, operated under colder wastewater temperatures (11 – 24 C) 
are extremely limited. Prior to widespread implementation, ABRs treating domestic wastewater 
require additional pilot-scale demonstration, study of the lifecycle impacts relative to 
conventional wastewater treatment technologies, and a more complete understanding of the 
microbial community dynamics for modeling and performance prediction. 
To address these research needs, this dissertation examines the performance of two 
low-complexity pilot-scale multiple-compartment anaerobic bioreactors in three different areas: 
(1) characterizing bioreactor performance over varying temperatures for organic removal, 
suspended solids removal, and methane generation; (2) modeling lifecycle impacts and energy 
generating potential relative to conventional wastewater treatment approaches; and (3) 
characterizing methanogenic community structure over time and space within both bioreactor 
systems. The pilot-scale anaerobic bioreactors characterized in this study were: (1) an existing 
four-compartment ABR located at the Plum Creek Water Reclamation Authority in Castle Rock, 
CO, and (2) a three-compartment ABR coupled with an anaerobic fixed film reactor (AFFR), 
which was constructed at the Mines Park Wastewater Test Bed. Modeling methods include full 
treatment train modeling in BioWin 5.2, environmental impact modeling in SimaPro (version 
8.0.3.14), lifecycle cost modeling in CAPDETWorks (version 2.5, Hydromantis, Inc.), and 
uncertainty modeling (Monte Carlo simulation) in Oracle Crystal Ball. Microbial community 
structure was examined using 16S rRNA gene sequencing.       
Key findings of this study are numerous, and include: (1) both ABRs studied remove 
higher levels of organics and suspended solids relative to conventional primary treatment while 
generating near stoichiometric volumes of methane; (2) ABRs have high chemical energy 
conversion efficiencies relative to other wastewater treatment reactors, recovering 52% of the 
chemical energy available in the influent wastewater organics; (3) modeling suggests that 
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energy generated by ABRs coupled with combined heat and power (CHP) with heat recovery is 
sufficient to power many typical conventional activated sludge systems; (4) lifecycle 
environmental impacts for treatment trains including ABRs are lower in most impact categories 
(e.g., fossil fuel emissions, acidification, etc.), but dissolved methane capture is required to 
reduce greenhouse gas emissions and enhance potential energy generation; (5) lifecycle costs 
and net energy balances for modeled configurations with ABRs are lower relative to 
conventional treatment configurations; and (6) both ABRs developed similar methanogen-rich 
microbial communities dominated by Methanosaeta, an acetate-utilizing methanogen. 
Additional study is needed in several areas, to include the treatment of residual 
contaminants in the effluent of ABRs and long-term characterization of the microbial community 
structure for accurate modeling. However, this study concludes that multiple-compartment 
anaerobic bioreactors, such as the ABR, are a viable energy-generating alternative to 
conventional primary treatment. Full-scale demonstrations should be implemented near-term.   
 
   
 v  
TABLE OF CONTENTS 
ABSTRACT.................................................................................................................................. iii 
LIST OF FIGURES........................................................................................................................x 
LIST OF TABLES........................................................................................................................xiv  
ACKNOWLEDGEMENTS..........................................................................................................xvii  
DEDICATION............................................................................................................................xviii 
CHAPTER 1 INTRODUCTION...................................................................................................1 
1.1 Wastewater-Energy Nexus....................................................................................1 
 1.2 Anaerobic Wastewater Treatment.........................................................................2 
 1.3 Multiple-Compartment Anaerobic Bioreactors.......................................................4 
 1.4 Research Questions, Objectives, and Dissertation Structure................................5 
 1.5 Research Motivation..............................................................................................7 
CHAPTER 2 METHANE GENERATION AND METHANOGENIC COMMUNITY  
 STRUCTURE IN AN ANAEROBIC BAFFLED REACTOR FOR  
 BIOLOGICALLY ENHANCED PRIMARY TREATMENT OF DOMESTIC 
WASTEWATER UNDER COLD TEMPERATURES..............................................8 
2.1 Abstract..................................................................................................................8 
 2.2  Introduction............................................................................................................9 
 2.3 Materials and Methods.........................................................................................11 
  2.3.1 Anaerobic Reactor Configuration.............................................................11 
  2.3.2 Data Collection and Analysis...................................................................12 
  2.3.3 Microbial Community Structure................................................................13 
 2.4 Results and Discussion........................................................................................14 
  2.4.1 ABR-AFFR Approached Effluent Discharge Standards Under Warmer 
  Temperatures...........................................................................................15 
 vi  
2.4.2 Observed Methane Production Approaches the Theoretical Maximum 
   and Varies with Wastewater Temperatures.............................................20 
2.4.3 The ABR-AFFR is an Energy-Positive Process.......................................24 
  2.4.4 Relative Abundance of Euryarchaeota Increased Between Warm- 
   and Cold-Weather Samples.....................................................................25 
  2.4.5 Complete Energy-Positive Wastewater Treatment Configurations..........29 
 2.5 Conclusions.........................................................................................................30 
 2.6 Acknowledgements..............................................................................................31 
CHAPTER 3 ENERGY GENERATING POTENTIAL OF BIOLOGICALLY ENHANCED 
PRIMARY TREATMENT OF DOMESTIC WASTEWATER USING        
MULTIPLE COMPARTMENT BIOREACTORS………….....................................32 
3.1 Abstract................................................................................................................32 
 3.2 Introduction..........................................................................................................33 
 3.3 Materials and Methods.........................................................................................34 
  3.3.1 Anaerobic Reactor Configurations...........................................................34 
  3.3.2 Data Collection and Analysis...................................................................35 
  3.3.3 Energy-Related Calculations....................................................................36 
  3.3.4 Uncertainty Analyses...............................................................................37 
 3.4 Results and Discussion........................................................................................40 
3.4.1 Comparison of Observed Organic Removal and Methane Generation  
to Other Sludge Blanket Bioreactor Studies.............................................40 
3.4.2 Comparison of Theoretical and Observed Methane Generation..............42 
3.4.3 Modeled Energy Generation from Combined Heat and Power 
Technologies............................................................................................46 
3.4.4 Implications for Integration of Anaerobic Primary Treatment using  
ABRs into WWRFs...................................................................................47 
3.4.5 Path Forward for Anaerobic Primary Treatment using ABRs .................. 48 
3.5 Conclusions.........................................................................................................53 
 vii  
 3.6 Acknowledgements..............................................................................................53 
CHAPTER 4 LIFECYCLE COMPARISON OF MAINSTREAM ANAEROBIC BAFFLED 
REACTOR AND CONVENTIONAL ACTIVATED SLUDGE SYSTEMS FOR 
DOMESTIC WASTEWATER TREATMENT........................................................54 
4.1 Abstract................................................................................................................54 
 4.2 Introduction..........................................................................................................55 
 4.3 Materials and Methods.........................................................................................56 
  4.3.1 System Boundaries and Functional Unit..................................................56 
  4.3.2 System Design for Lifecycle Inventory and Modeling..............................58 
  4.3.3 Uncertainty and Sensitivity Analyses.......................................................60 
 4.4 Results and Discussion........................................................................................61 
  4.4.1 NEB for Configurations with AnP are Lower Than Conventional  
Systems...................................................................................................61 
4.4.2 Recovery of dCH4 is Required to Reduce Global Warming Impacts        
and Enhance Energy Generation.............................................................62 
4.4.3 AnP/AeS+AnD Configurations Have Lower Impacts Relative to 
Conventional Treatment Configurations in Most Impact Categories........65 
4.4.4 Lifecycle Costs of Configurations with Anaerobic Primary Treatment  
are Lower than Conventional Systems....................................................67 
4.4.5 AnP Coupled with Other Anaerobic Technologies May be a Path  
Forward for Energy-Positive Domestic Wastewater Treatment                     
with Further Study....................................................................................69 
 4.5 Acknowledgements..............................................................................................71 
CHAPTER 5 SUCCESSION OF A FOUNDING MICROBIOME AFTER SEEDING IN A 
MULTIPLE-COMPARTMENT ANAEROBIC BIOREACTOR FOR         
DOMESTIC WASTEWATER TREATMENT........................................................72 
5.1 Abstract................................................................................................................72 
5.2 Introduction..........................................................................................................73 
 5.3 Materials and Methods.........................................................................................75 
 viii  
  5.3.1 Reactor Operation and Performance Modeling........................................75 
5.3.2 Sludge Sampling, DNA Extraction, and 16S rRNA Gene Sequencing....77 
  5.3.3 Amplicon Sequence Processing and Quality Control...............................77 
5.3.4 Statistical Methods and Analyses............................................................77 
 5.4 Results…………………........................................................................................78 
  5.4.1 Wastewater Chemistry and Reactor Performance...................................78 
5.4.2 Consistency of Influent Wastewater Community Structure over            
Time and Location....................................................................................79 
5.4.3 Community Assembly Over Time and Space in Reactor       
Compartments..........................................................................................82 
5.4.4 Increasing Percent Relative Abundance of Euryarchaeota......................83  
5.4.5 Persistence of the Founding Microbiome.................................................87 
 5.5 Discussion………….............................................................................................88 
5.5.1 Changes in Community Similarity Suggest Two Successional   
Trajectories in ABR 2...............................................................................88 
5.5.2 Increasing Percent Relative Abundance of Euryarchaeota Drove 
Community Similarity...............................................................................90 
5.5.3 A Founding Microbiome Persists in each ABR 2 Compartment             
Over Time................................................................................................91 
5.6 Conclusions.........................................................................................................92 
 5.7 Acknowledgements..............................................................................................92 
CHAPTER 6 CONCLUSIONS AND FUTURE WORK..............................................................93 
6.1 Conclusions.........................................................................................................93 
 6.2 Future Work.........................................................................................................95 
REFERENES CITED...................................................................................................................97 
APPENDIX A: SUPPLEMENTARY INFORMATION FOR CHAPTER 2...................................123 
 ix  
APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 3...................................133 
APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER 4...................................137 
APPENDIX D: SUPPLEMENTARY INFORMATION FOR CHAPTER 5...................................165 
APPENDIX E: STATISTICAL EXPOSÉ OF A MULTIPLE-COMPARTMENT               
ANAEROBIC REACTOR TREATING DOMESTIC WASTEWATER.................173 
APPENDIX F: TECHNOLOGY DIFFUSION: ANAEROBIC DIGESTION AND BIOGAS   
  BENEFICIAL USE AT MUNICIPAL WASTEWATER TREATMENT   
  FACILITIES IN COLORADO: BARRIERS TO WIDESPREAD    
  IMPLEMENTATION...........................................................................................208 
APPENDIX G: TECHNOLOGY APPLICATION: METHANE-GENERATION VIA    
  ANAEROBIC MICROBES AS A SUSTAINABLE APPROACH FOR  
  RESOURCE-LIMITED DEEP SPACE EXPLORATION.....................................251 
APPENDIX H: TECHNOLOGY APPLICATION: BIOGAS GENERATION FROM WASTE:  
  OVERCOMING BARRIERS TO WIDESPREAD IMPLEMENTATION OF  
  ANAEROBIC TECHNOLOGIES IN THE DEPARTMENT OF DEFENSE  
  FOR ENERGY SECURITY................................................................................257 
APPENDIX I: ENGINEERING EDUCATION: MAINTAINING STUDENT ENGAGEMENT           
IN AN EVENING, THREE HOUR LONG AIR POLLUTION COURSE: 
INTEGRATING ACTIVE LEARNING EXERCICES AND FLIPPED          
CLASSES..........................................................................................................263        
APPENDIX J: ENGINEERING EDUCATION: LEARNING BENEFITS OF INTEGRATING 
SOCIO-ECONOMIC AND CULTURAL CONSIDERATIONS INTO AN         




 x  
LIST OF FIGURES 
Figure 2.1 Total COD concentrations during the study period compared to EPA         
secondary effluent standards...............................................................................17 
Figure 2.2 Total suspended solids concentrations during the study period comparted to  
EPA secondary effluent standards…………........................................................19 
Figure 2.3 Mean monthly CH4 flowrate compared to theoretical maximum CH4 
production…..……...............................................................................................22 
Figure 2.4 Heatmap of the most prevalent microorganisms in ABR sludge samples...........27 
Figure 2.5 PCoA of weighted UniFrac distance matrices for the sludge blankets in the     
ABR portion of the ABR-AFFR and influent wastewater……...............................28 
Figure 3.1. Observed total CH4 production per m3 wastewater treated vs. temperature.......43 
Figure 3.2 Uncertainty modeling results for energy potential from CH4 production..............49 
Figure 3.3 Electrical energy generation potential from various CHP technologies...............50 
Figure 3.4 COD mass balances for various wastewater treatment scenarios......................51 
Figure 4.1 Processes and system boundary for CAS/AnD and AnP/AES+AnD...................58 
Figure 4.2 Energy use, energy generation, and NEB for each configuration........................63 
Figure 4.3 Global warming impacts by process....................................................................64 
Figure 4.4 Environmental impacts by configuration..............................................................68 
Figure 4.5 Lifecycle costing for each treatment configuration…………………......................69 
Figure 4.6 Comparison of net present value (8% discount rate) and NEB...........................71 
Figure 5.1 PCoA of weighted UniFrac distance matrices for ABRs 1 and 2.........................80 
Figure 5.2 Dendrograms comparing corresponding reactor compartments in ABRs 1         
and 2....................................................................................................................84 
Figure 5.3 Normalized stacked bars for genus-level comparison of Euryarchaeota in 
Comparable ABR compartments.........................................................................85 
Figure 5.4 Consortium percentage of Euryarchaeota plotted against PC1 of PCoA for       
ABR 2...................................................................................................................86 
 xi  
Figure 5.5 Percent relative abundance of founding microbiome over time in each ABR 2 
compartment........................................................................................................88 
Figure A.1 ABR-AFFR reactor schematic............................................................................124 
Figure A.2 Boxplot for total COD removal by compartment................................................125 
Figure A.3 System level soluble COD removal graphed against wastewater    
  temperature........................................................................................................126 
Figure A.4 Effluent total COD concentrations graphed against the EPA secondary  
standard ............................................................................................................127 
Figure A.5 System level total COD removal graphed against wastewater temperature…..128 
Figure A.6 Boxplot for TSS removal by compartment.........................................................129 
Figure A.7 Effluent TSS concentrations graphed against EPA secondary standard...........130 
Figure A.8 System level TSS removal graphed against wastewater temperature…...........131 
Figure B.1 ABR configurations............................................................................................135 
Figure C.1  Processes and system boundary for CAS/AnD+AeD and AnP/AeS+AeD........139 
Figure C.2  Treatment scenarios examined..........................................................................140  
Figure C.3  Schematics of pilot-scale multiple-compartment reactor systems used in this 
study..................................................................................................................142 
Figure C.4  Uncertainty analysis workflow for configurations w/ anaerobic primary (AnP)     
and conventional activated sludge (CAS) .........................................................155 
Figure C.5.A  Environmental impacts compared by impact category for at 25◦C scenarios....157 
Figure C.5.B  Environmental impacts compared by impact category for 15◦C scenarios........158 
Figure C.5.C  Environmental impacts compared by impact category for CAS+AnD          
  scenarios............................................................................................................158  
Figure C.5.D  Environmental impacts compared by impact category for AnP/AeS+AnD 
scenarios............................................................................................................159 
Figure D.1 Anaerobic baffled reactor schematics................................................................167 
Figure D.2 Stream graphs of relative abundance of founding members over time.............168 
Figure D.3 Disturbances, significant events, and wastewater temperatures over time.......171 
 xii  
Figure E.1 Univariate and functional boxplots of COD, TSS, acetate, CH4 flowrate...........178 
Figure E.2 Linear regression model for dCOD vs. DOC with freely varying y-intercepts....182 
Figure E.3 Linear regression model for pCOD and VSS with freely varying y-intercepts....184 
Figure E.4 Pairwise scatterplots of multiple variables for C4..............................................192 
Figure E.5 Schematic of reactor system..............................................................................194 
Figure E.6 Linear regression model for pCOD and dCOD (constrained                              
through the origin) .............................................................................................194 
Figure E.7 Linear regression model for dCOD and DOC (constrained     
  through the origin) .............................................................................................196 
Figure E.8 Linear regression model for pCOD and VSS.....................................................197  
Figure E.9  95% confidence interval plot for acetate............................................................198  
Figure E.10 Seasonal variations in biogas flowrate with temperature...................................198 
Figure E.11 Univariate and functional boxplots for % methane in biogas.............................199 
Figure E.12 Linear regression model for pCOD and VSS by operational year.....................199 
Figure E.13 Pairwise scatterplots of multiple variables in each reactor compartment..........202 
Figure F.1 Spatial distribution of WWTFs in Colorado........................................................214 
Figure F.2 Sludge digestion and biogas beneficial use practices in Colorado....................217 
Figure F.3 WWTF survey responses...................................................................................221 
Figure F.4 Typical process diagram for biogas production and beneficial    
  use in Colorado..................................................................................................231 
Figure F.5 Solids management and biogas beneficial use practices in Colorado…...........231  
Figure F.6 WWTF governing body by actual flowrate treated….........................................233 
Figure F.7 Percieved community response to anaerobic digestion.....................................234 
Figure F.8 Aesthetic factors................................................................................................235 
Figure F.9 Estimated electrical energy production from CHP at WWTFs in Colorado........247 
 xiii  
Figure F.10 Estimated heat energy production from CHP at WWTFs in Colorado...............247 
Figure F.11 Estimated heat energy production from a boiler using data from WWTFs in 
Colorado (5 MGD scenario) ..............................................................................248 
Figure G.1 Simplified nutrient and energy cycle using anaerobic digestion in deep           
space exploration...............................................................................................253 
Figure G.2 Proposed cradle-to-cradle cycle for the creation of bioplastics from              
methane gas in deep space...............................................................................255 
Figure H.1 Biogas bubbles from pilot-scale ABR at PCWRA..............................................258 
Figure H.2 Concept drawing showing waste in and energy out for an anaerobic        
treatment system...............................................................................................260 
Figure H.3  Barriers to widespread implementation of anaerobic technologies....................262 
Figure H.4 Picture of anaerobic digester in disrepair...........................................................262 
 
 xiv  
LIST OF TABLES 
Table 2.1 Mean concentrations and standard deviations of several key performance 
parameters in the ABR-AFFR…………................................................................16 
Table 2.2 Comparison of mean theoretical CH4 generation and observed CH4          
generation in the ABR-AFFR...............................................................................21 
Table 2.3 Effluent characteristics from the ABF-AFFR compared to reported anaerobic 
effluent characteristics……..................................................................................21 
Table 3.1 Uncertainty parameters for Monte Carlo analysis................................................38 
Table 3.2 Characteristics and operational parameters for multiple-compartment      
anaerobic reactors...............................................................................................44 
Table 3.3 Theoretical and observed CH4 production in anaerobic reactors.........................45 
Table 5.1 Average  standard deviation for reactor temperature and analyte          
concentrations in ABRs 1 and 2.............................................................................81 
Table A.1 Mean reduction of key performance parameters by compartment with 95% 
confidence intervals………….............................................................................132 
Table A.2 Sulfate and acetate concentrations....................................................................132 
Table B.1 List of uncertain parameters for Monte Carlo analysis.......................................136 
Table B.2 Effluent dissolved CH4 concentrations observed in ABRs.................................136 
Table C.1 Influent domestic wastewater characteristics.....................................................141 
Table C.2  Performance characteristics of pilot-scale anaerobic primary treatment...........143 
Table C.3  Solids balances (example from 25 C scenarios)..............................................153 
Table C.4  Monte Carlo uncertainty parameters for net energy balance (example      
scenario: AnP/AeS+AnD, 25 C, dCH4 volatilization)........................................156 
Table C.5  Energy use factors for net energy balance analysis..........................................161  
Table C.6  Net energy balance sensitivity analysis tables...................................................161  
Table C.7  Costs appended to CAPDETWorks for cost estimation.....................................163 
Table C.8  Annual inflation rates.........................................................................................163 
Table C.9  Net present value (5%, 8%, 10%), project capital costs, annual O&M costs.....164 
 xv  
Table C.10  Capital costs of each process modeled using CAPDETWorks..........................164 
Table D.1 Summary of unmanaged performance variations..............................................172 
Table D.2 Mean concentrations and standard deviations of several performance 
parameters for the influent wastewater and each reactor compartment............172 
Table E.1 Mean measurements, concentrations, and standard deviations for key 
performance parameters....................................................................................180 
Table E.2 95% confidence intervals for the mean reduction of key performance  
parameters by compartment of the ABR............................................................183 
Table E.3 Mean reduction of key performance parameters by compartment of the           
ABR by operational year....................................................................................205 
Table E.4 Linear model results for key performance parameters versus temperature......206 
Table E.5 Theoretical dCOD-to-DOC ratios from balanced half-reactions found in  
Rittman & McCarty (2001).................................................................................207 
Table F.1 Barriers to implementation of AD & CHP in Colorado........................................212 
Table F.2 Characterization of WWTFs with AD & CHP in Colorado..................................216 
Table F.3 Comparison of AD & CHP in Colorado to national statistics..............................218 
Table F.4  Renewable energy incentive programs in Colorado..........................................236 
Table F.5  Age of aerobic digesters & anaerobic digesters in Colorado….........................237 
Table F.6 Applicable Colorado regulations........................................................................238 
Table F.7 Influent wastewater characteristics used for modeling......................................240  
Table F.8 Capital and operations & maintenance costs for sludge processing 
technologies.......................................................................................................244 
Table F.9 Estimated electricity and heat generation from CHP technologies and 
boiler..................................................................................................................249 
Table F.10 Discounted payback period for CHP technologies examined............................249   
Table I.1 Non-exhaustive list of active learning and flipped class intervention in 
environmental engineering and science courses...............................................265 
Table I.2 Active learning and flipped classes integrated by week.....................................268 
Table I.3 Change in student perception between mid-point and end-of-course survey....271 
 xvi  
Table I.4 Student responses to questions concerning active learning interventions........271 
Table I.5 Student responses to questions concerning flipped classes.............................271 
Table J.1 Summary of course content added in 2016 to increase WaSH emphasis.........281 
Table J.2 Report titles by semester, student demographics, and binned category...........283 
Table J.3 Change in frequency for “social” terms pre- and post-intervention....................287 
Table J.4 Change in frequency for “sustainability” terms pre- and post-intervention.........287 
Table J.5 Change in frequency for “WaSH” terms pre- and post-intervention...................288 
Table J.6 Change in frequency for “economic” terms pre- and post-intervention..............288 
Table J.7 Change in frequency for “energy” terms pre- and post-intervention..................288 
Table J.8 Change in frequency for “technical” terms pre- and post-intervention...............289 
Table J.9 Heatmaps of tf-idf weighted values for terms in the “social” category...............290 
Table J.10 Heatmaps of tf-idf weighted values for terms in the “energy” category..............291
 xvii  
ACKNOWLEDGEMENTS 
I thank the U.S. Army for funding my PhD through the advanced civil schooling program. 
I also thank the U.S. Military Academy and the Department of Chemistry and Life Science for 
their continued support and confidence in me throughout my time in graduate school. Thanks 
also to the National Science Foundation (NSF) and the Engineering Research Center (ERC) for 
Reinventing the Nation’s Urban Water Infrastructure (ReNUWIt) for funding this research effort. I 
especially acknowledge my co-advisors, Junko Munakata-Marr and Linda Figueroa, for their 
mentorship, patience, and guidance through this research process. Thanks to Gary Vanzin for 
his countless hours teaching me about the microbial world. Thanks also to Mike Veres for his 
infinite wisdom and advice in constructing the bioreactor and troubleshooting problems. There 
are so many others that supported this effort – it truly takes a village to raise a PhD.    
“I can do all things through him through strengthens me.” 
-Philippians 4:13 
“I have fought the good fight, I have finished the race, I have kept the faith.” 










 xviii  
DEDICATION 
For my wife Kylee and my children, Isaac, Seth, and Aria. You are my world. Thank you 
so much for your love and support. Also, for my grandfather Thomas Manwarren who has 
provided me continuous inspiration since his passing in 1997. 
 1  
CHAPTER 1 
INTRODUCTION 
1.1. Wastewater-Energy Nexus 
Wastewater can be a source of valuable resources, including energy, clean water, and 
nutrients (Guest et al., 2009; McCarty et al., 2011). The current wastewater treatment paradigm 
uses an aerobic microbial process to mineralize wastewater organics to CO2 and trap nitrogen 
and phosphorus as microbial cell material. This process, i.e., conventional activated sludge, is 
energy intensive, using 0.3 to 0.6 kWh m-3 of domestic wastewater treated (McCarty et al. 
2011). Approximately one-half of the energy used in aerobic wastewater treatment goes to 
aerating the activated sludge (Mizuta & Shimada, 2010). In total, conveyance and treatment 
wastewater accounts for approximately 3% of electricity used in the United States (U.S. EPA, 
2006), a value similar to other developed countries (Curtis et al., 2010). For many municipalities, 
treatment of wastewater is substantial and can be the largest energy consumer, accounting for 
30-60% of the municipality’s energy budget (U.S. EPA, 2008). In addition to direct energy use, 
approximately half of organic carbon in the influent wastewater is converted to fast-growing 
microbiota in the activated sludge process, while the other half is emitted to the atmosphere as 
carbon dioxide (CO2), a greenhouse gas (Tchobanoglous et al., 2003). The large volume of 
biomass produced in the activated sludge process must be treated by several additional 
processes prior to disposal, including separation from the aqueous water stream, concentration 
via thickening, stabilization via digestion, dewatering, storage, transportation offsite, and 
disposal (e.g., land application or landfilling) (Tchobanoglous et al., 2003). These sludge 
handling and disposal processes can account for 40-45% of a facility’s capital and operational 
costs, while using additional energy (Gillot et al., 1999). Energy can be recovered from waste 
activated sludge by anaerobic digestion; however, best practice anaerobic digesters can only 
offset 30 to 50% of wastewater reclamation facility’s energy demands (U.S.EPA, 2013).  
Wastewater contains readily available chemical energy not captured in a usable form 
during the activated sludge process. Chemical oxygen demand (COD) is the most direct, 
commonly exploited, and useful energy source measurement for domestic wastewater (McCarty 
et al. 2011). The chemical energy in biodegradable COD, inert COD, and reduced nitrogen (i.e., 
NH4+, organic N) in medium strength domestic wastewater (i.e., 430 mg COD L-1) is 
approximately 1.96 kWh m-3 (using higher heating values, or 1.80 kWh m-3 using lower heating 
values) (Scherson & Criddle, 2014). Depending on actual wastewater strength, this chemical 
energy potential is three to six times the energy required for treatment using the activated 
 2  
sludge process. Beyond chemical energy, wastewater also contains thermal energy (i.e., heat), 
which can be captured through the use of heat pumps for low-energy uses (e.g., building 
heating) (Lindström, 1985). Given the disparity between energy potential in wastewater and 
energy use in treating wastewater, a useful technology advancement would be one that 
reformulates the current wastewater treatment paradigm to harness the energy in wastewater.   
 
1.2. Anaerobic Wastewater Treatment 
 Anaerobic treatment of domestic wastewater has the potential to produce energy while 
removing wastewater organics and suspended solids to meet secondary effluent standards 
(McCarty et al. 2011). Anaerobic microorganisms can degrade a portion of the COD (e.g. 
carbohydrates, fats, and proteins) to simple compounds via processes such as hydrolysis, 
acidogenesis, and acetogenesis, and then to methane (CH4). Gaseous CH4 can be captured 
and converted to electrical and heat energy via combined heat and power (CHP) technologies, 
such as steam turbines, gas turbines, or fuel cells (U.S. EPA, 2017). This approach recovers a 
percentage of the chemical energy in wastewater and has the potential to provide sufficient 
electrical energy to achieve net energy production (i.e., produce more energy than is 
consumed); however, the challenge, as described below, is to identify viable anaerobic 
technologies capable of full-scale mainstream treatment of low-strength, ambient temperature 
domestic wastewater to effluent discharge standards.       
The anaerobic treatment of domestic wastewater has been practiced since the late 19th 
century using technologies such as the septic tank and Imhoff tank; however, such technologies 
are inefficient and limited in scale (McCarty, 1981). Today, anaerobic treatment is principally 
employed for the digestion of concentrated wastes at elevated temperatures (i.e., 35 C or 
higher), with few examples of anaerobic bioreactors treating dilute domestic wastewater at lower 
temperatures (10 to 25 C) (Tchobanoglous et al., 2003; Smith et al., 2012; Hahn & Figueroa, 
2015). The direct anaerobic treatment of domestic wastewater is common in tropical and 
subtropical climates of Asia and South America (Draaijer, H., 1992; Giraldo, et al. 2007; Qian et 
al., 2007; Jordão et al., 2009) using the upflow anaerobic sludge blanket (UASB); however, 
COD removal efficiencies generally range from 40-70% and do not achieve effluent discharge 
standards for developed countries (Foresti, 2002). Other anaerobic reactor designs, such as 
attached-film expanded-bed reactors, anaerobic sequencing batch reactors, and biological 
fluidized bed reactors have achieved higher COD removal efficiencies at colder wastewater 
temperatures, but also have not achieved effluent discharge standards (Dague et al., 1998; 
Switzenbaum & Jewell, 1980; Tseng & Lin, 1994). Several membrane-based bioreactor 
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technologies, such as the anaerobic membrane bioreactor (AnMBR) have achieved effluent 
discharge standards using bench-scale demonstrations but concerns about membrane fouling 
and high energy use requirements still need to be addressed (Smith et al., 2014; Smith et al., 
2012). 
Shoener et al. (2014) conducted a critical review of published literature about anaerobic 
bioreactor technologies for domestic wastewater treatment to determine which have the 
greatest potential to be net energy producers. Results from this study suggested that three 
technologies have the potential to be energy producers today: the anaerobic fluidized bed 
(AFB), the UASB, and the anaerobic baffled reactor (ABR). The AFB is an attached growth (i.e., 
biofilm) process, while the USAB and ABR are sludge blanket processes. Of these three 
technologies, Shoener et al. (2014) identified the multiple-compartment ABR as the most 
efficient in terms of chemical energy recovery from COD, achieving a 47.5% recovery efficiency 
(or 7.3 kJ g-1 COD removed using higher heat values).  
Beyond energy, anaerobic wastewater treatment has several other advantages. First, 
anaerobic microbes have lower growth rates relative to heterotrophic microbes found in aerobic 
wastewater treatment and therefore produce less waste sludge. Studies by Hahn & Figueroa 
(2015) of a four-compartment pilot-scale ABR (further described in this dissertation) revealed 
that sludge wasting was not required during the first two years of reactor operations, a result 
confirmed in this study. Second, due to the decreased production of waste sludge, the 
requirement to process waste sludge is reduced relative to activated sludge-based systems. 
Third, anaerobic bioreactors are less complex than activated sludge-based treatment. For 
example, sludge blanket processes such as the UASB and the ABR require very few moving 
parts. If the bioreactor is located within the hydraulic gradient of the wastewater reclamation 
facility, no pumping or energy inputs would be required.    
Anaerobic wastewater treatment is not without disadvantages, most of which are 
outlined in Lettinga et al. (2001). First, anaerobic microorganisms have a low maximum specific 
growth rates relative to heterotrophic bacteria found in activated sludge. Growth rates and 
substrate utilization rates of microorganisms are further depressed at lower temperatures, 
indicating that COD removal and CH4 generation are also depressed at lower wastewater 
temperatures. The relatively high substrate utilization rate of microbes found in activated sludge 
can overcome lower wastewater temperatures and still achieve COD removal to effluent 
discharge standards; however, the only anaerobic technologies to date that have achieved 
effluent discharge standards at low temperatures are energy-inefficient membrane-based 
technologies. Sludge blanket anaerobic technologies, such as the ABR, that decouple the solids 
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retention time (SRT) from the hydraulic retention time (HRT) allow for increased digestion of 
COD and settled solids over time and may also achieve discharge standards with further study; 
however, current performance of such reactors suggest that a secondary treatment process is 
required to “polish” the effluent to discharge standards for organics and suspended solids 
(McCarty et al. 2011; Hahn & Figueroa, 2015). Second, because the solubility of gaseous 
compounds increases as water temperatures decreases, increased concentrations of CH4 will 
be observed in the dissolved phase at lower wastewater temperatures. At present, there is no 
energetically favorable approach for capturing dissolved CH4 from the effluent of anaerobic 
bioreactors for energy generation. Third, in addition to dissolved CH4, the effluent water from 
anaerobic bioreactors contains ammonia, phosphorus, residual organic acids, and hydrogen 
sulfide – each of which must be treated prior to release into natural watercourses (Delgado Vela 
et al., 2015). Fourth, anaerobic technologies suffer from a perception in the wastewater 
treatment industry that anaerobic treatment is only effective at high organic loads (i.e., of waste 
activated sludge) and mesophilic or thermophilic temperatures (Shoener et al. 2014; Lettinga et 
al. 2001). Identified disadvantages specific to the ABR and multiple-compartment bioreactor 
variants include the requirement to build shallow reactors to accommodate observed liquid and 
gas upflow velocities, and difficulty evenly distributing influent wastewater to the sludge blanket 
(Barber & Stuckey, 1999). 
 
1.3. Multiple-compartment Anaerobic Bioreactors  
Multiple-compartment bioreactors can be defined as any bioreactor that consists of more 
than one chamber, such as the ABR or similarly configured bioreactor systems. ABRs, which 
are often described as UASBs in series, direct wastewater through a series of sequential 
compartments under upflow and downflow conditions, each time passing through a sludge 
blanket (Grobicki & Stuckey, 1991). The ABR design facilitates spatial separation of anaerobic 
microorganisms, which degrade high-energy organics in the influent wastewater to CH4. Results 
from previous studies suggest that hydrolysis of particulate COD and settled solids in the sludge 
blanket is more prevalent in earlier reactor compartments, while production of methane via 
methanogenesis is more prevalent in latter reactor compartments (Hahn & Figueroa, 2015; 
Wang, 1994). Because sludge is well retained (i.e., SRT is decoupled from HRT), the ABR is an 
excellent candidate for treating low-temperature wastewaters as hydrolysis of particulate COD 
and settled solids can occur over long timescales.    
The first published ABR study was conducted by McCarty and colleagues in 1982 
(Bachmann et al., 1982). Barber and Stuckey (1999) provide a useful review of bench-scale 
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ABR efforts. Despite the publication of several promising bench-scale ABR studies in the late 
20th century, research involving pilot- or full-scale demonstrations of ABRs or other hybrid 
reactors treating raw domestic wastewater under colder (< 25 C) temperatures is extremely 
limited. While several cold wastewater temperature pilot-scale UASB studies exist (e.g., Álvarez 
et al., 2006; Cookney et al., 2012; Souza et al., 2011; Uemura & Harada, 2000), the only pilot-
scale multiple-compartment reactor in the USA that directly treated raw domestic wastewater is 
the four-compartment ABR located at the Plum Creek Water Reclamation Authority (PCWRA) in 
Castle Rock, CO (Hahn et al., 2015; Hahn & Figueroa, 2015; Pfluger et al., 2018).  
Performance data collected to date indicate that the ABR is a promising alternative to 
conventional primary treatment of domestic wastewater and can serve as a bridge to the 
integration of a complete anaerobic treatment train; however, additional pilot-scale, and 
eventually full-scale, demonstrations of cold-temperature ABRs are needed before the 
technology will gain wastewater industry acceptance. Further, modeling of pilot-scale data that 
elucidates the potential of multiple-compartment reactors as a replacement for conventional 
primary treatment in terms of reduced lifecycle environmental impacts, lifecycle costs, and 
energy generation is needed. 
 
1.4. Research Questions, Objectives, and Dissertation Structure 
Prior to widespread, full-scale implementation of multiple-compartment anaerobic 
bioreactors for domestic wastewater treatment, substantial research needs to be conducted in 
several areas, including reactor modeling for lifecycle environmental impacts, modeling for 
potential energy generation, and characterization of the microbial communities that develop 
over time and space in each reactor compartment. There is also need for additional pilot-scale 
demonstrations of the ABR to demonstrate reactor performance in terms of organic removal, 
suspended solids removal, and methane generation. Since the passing of Dr. Martha Hahn in 
2015, I worked in conjunction with other researchers to characterize the performance of two 
pilot-scale multiple-compartment reactor systems: (1) the three-compartment ABR coupled with 
the anaerobic fixed film bioreactor (AFFR) located at Mines Park Wastewater Test Bed at the 
Colorado School of Mines, Golden, CO and (2) the four-compartment ABR located at PCWRA 
in Castle Rock, CO. Therefore, the goal of the dissertation research herein was to further the 
existing body of knowledge concerning anaerobic multiple-compartment bioreactors in the 
following areas: (1) characterization of a pilot-scale demonstration of a multiple compartment 
bioreactor (i.e., ABR-AFFR) for organic removal, suspended solids removal, and CH4 
generation; (2) characterization of the microbial community structure over time and space within 
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the multiple-compartment reactor systems with a specific emphasis on studying the 
methanogenic community structure; and (3) modeling, to include lifecycle-based modeling and 
uncertainty modeling for future scale-up of multiple-compartment anaerobic bioreactors as a 
replacement for conventional primary treatment. Materials and methods for each study are 
discussed within the appropriate chapter.  
The following research questions guided the author’s research:  
 (1) Can a low-complexity, energy-generating anaerobic hybrid reactor system 
achieve EPA effluent standards for wastewater (30 mg L-1 for 5-day biochemical oxygen 
demand (BOD5) and total suspended solids (TSS))? 
 (2) How do the anaerobic microbial communities assemble in each reactor over 
time and how does community membership relate to reactor performance? 
 (3) What are the lifecycle environmental impacts of full-scale mainstream 
anaerobic treatment of domestic wastewater relative to conventional activated sludge with 
anaerobic digestion and CHP?  
The following objectives supported the author’s research questions:  
 (1) Construct an anaerobic hybrid reactor system and characterize system 
performance over a range of temperatures and wastewater quality variations.  
 (2) Characterize microbial community assembly in each reactor compartment 
over time and relate community membership to reactor performance. 
 (3) Evaluate the lifecycle impacts of mainstream anaerobic treatment of domestic 
wastewater relative to conventional activated sludge with anaerobic digestion and CHP.  
This dissertation is organized into six chapters. In Chapter 1, I introduce and briefly 
describe the organization of the dissertation. In Chapter 2, I present a pilot-scale investigation of 
an ABR coupled with an anaerobic fixed film bioreactor conducted between November 2015 
and October 2017. I discuss reactor contaminant removal, CH4 generation, and the 
methanogenic community structure in each reactor compartment under two temperature 
conditions. I prepared this chapter for submission to Environmental Science: Water Research & 
Technology. In Chapter 3, I examine CH4 measurements taken over > 2400 days at the Mines 
Park and PCWRA reactors. I compare observed CH4 production and theoretical maximum CH4 
production, as well as conduct uncertainty modeling for scale-up and future energy generation 
using various CHP technologies. I prepared this chapter for submission to Environmental 
Science: Water Research & Technology. In Chapter 4, I provide a lifecycle environmental 
analysis of mainstream domestic wastewater using ABR-based anaerobic primary treatment 
coupled with aerobic secondary relative to conventional activated sludge wastewater treatment. 
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I compare the lifecycle environmental impacts, net energy balance, and lifecycle costing 
between the treatment configurations. I submitted this chapter to Environmental Science & 
Technology. In Chapter 5, I examine the spatiotemporal development of the anaerobic microbial 
communities in each compartment of the Mines Park ABR after sludge seeding from the 
PCWRA ABR. Specifically, I view microbial community structure, as determined by 16S rRNA 
gene sequencing, through the ecological principles of community succession and the founder 
effect. This chapter is a draft manuscript that I will submit to ISME Journal in April 2018. In 
Chapter 6, I present conclusions and future work. The appendices provide supporting 
information for each chapter, several additional studies that support the overall theme of this 
work, as well as my research in engineering education.   
 
1.5. Research Motivation 
 As a U.S. Army officer who has deployed overseas and served in the Middle East for 
almost two years, I became extremely interested in low-complexity approaches that provide for 
basic human needs, such as the provision of clean water, sanitation, hygiene, and electricity. 
Coming from a developed country where basic needs such as these are taken for granted, I was 
able to readily observe how impactful the lack of such services can be on the local population. 
For example, when clean water is not readily available, people spend hours walking or waiting 
in line to get enough for themselves and their family. The provision of basic services can help 
stabilize a population and build trust in a local government. The lack of basic services can be 
immediately destabilizing and can lead to conflict. When I was presented the opportunity to work 
on a project that is applicable in numerous contexts, both in the developed and in developing 
world, that addresses sanitation (i.e., treatment of human excrement) while providing energy in 
the form of methane-rich biogas, I immediately understood how my research could be impactful, 
and how I could integrate my research experience back into the Army and at West Point. While 
there is much work to be done, I fully believe that anaerobic treatment of organic wastes can be 
a solution not just for the wastewater treatment sector in the U.S. and other developed nations, 
but for developing nations, and war-torn nations, to which the U.S. Army frequently deploys. I 
further believe that this research can be applied in novel contexts, to include possible 
applications for deep space exploration.      
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CHAPTER 2 
 
METHANE GENERATION AND METHANOGENIC COMMUNITY STRUCTURE IN AN 
ANAEROBIC HYBRID BIOREACTOR FOR BIOLOGICALLY ENHANCED PRIMARY 
TREATMENT OF DOMESTIC WASTEWATER UNDER LOW  
TEMPERATURES 
 
A paper prepared for submission to Environmental Science: Water Research & Technology 
 
Andrew Pfluger1, Gary Vanzin2, Junko Munakata-Marr3, Linda Figueroa3 
 
2.1. Abstract 
Anaerobic treatment of domestic wastewater is an energy-generating alternative to the 
current aerobic wastewater treatment paradigm. To explore biologically enhanced primary 
treatment of domestic wastewater, a pilot-scale hybrid reactor system, consisting of a three-
compartment anaerobic baffled reactor (ABR) and an anaerobic fixed film reactor (AFFR), was 
operated for 720 days under low wastewater temperatures. The ABR-AFFR removed 49  19% 
of organics (as chemical oxygen demand, COD) and 72  18% of suspended solids, exceeding 
the performance of conventional primary treatment and achieving secondary discharge 
standards for suspended solids under warmer wastewater temperatures (> 20 C). The ABR-
AFFR produced stoichiometric volumes of methane (0.36  0.26 L CH4 per g COD removed), 
often exceeding calculated theoretical maximum methane production from biodegradable 
organic removal due to long-term degradation of organics and settled solids in the sludge bed. 
The ABR-AFFR can produce sufficient methane at higher wastewater temperatures to 
completely power the activated sludge process at some wastewater reclamation facilities with 
lower aeration requirements. Examination of the microbial communities under warm (23 C) and 
cold (12 C) wastewater temperatures indicates that Euryarchaeota increased in relative 
abundance over time despite decreasing temperatures and that Methanosaeta, an acetate-
                                                                 
1 Graduate student and primary researcher 
2 Co-author provided expert insight into bioinformatics and microbial community dynamics 
3 Co-advisor for primary researcher 
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utilizing methanogen, came to dominate the methanogenic community. Changes in microbial 
community structure over time suggest that long-term studies of the microbial community are 
required before accurate models tying system performance to community structure can be 
constructed. The ABR-AFFR can replace conventional primary treatment in an anaerobic-
aerobic treatment paradigm today; however, further study is required prior to implementation of 
a completely anaerobic treatment paradigm.  
 
2.2. Introduction  
The current wastewater treatment paradigm centers on aerobic treatment technologies, 
e.g., conventional activated sludge, which are energy-intensive and require substantial aeration 
(Tarallo, 2014; Tarallo et al., 2015). Municipal wastewater treatment accounts for approximately 
3% of U.S. electricity consumption, with aeration of activated sludge typically accounting for 
about one-half of electricity use at wastewater reclamation facilities (WWRFs) (McCarty et al., 
2011; U.S. EPA, 2006). Anaerobic technologies, which can generate methane-rich biogas from 
the degradation of organic carbon, are expected to be less energy-intensive than aerobic 
processes (Guest et al., 2009; McCarty et al., 2011). To date, however, full-scale mainstream 
anaerobic treatment of domestic wastewater has been primarily limited to tropical and 
subtropical climates with warmer ambient temperatures (Draaijer et al., 1992; Giraldo et al., 
2007; Jordão et al., 2009; Khan et al., 2014). The single-compartment upflow anaerobic sludge 
blanket (UASB) is currently the most widely used anaerobic treatment technology (Chernicharo 
et al., 2015; Gomec, 2010); however, UASBs can produce varying effluent wastewater quality 
and often fail to meet established discharge standards in developed nations (Foresti, 2002). 
Anaerobic technologies have been further limited by the perception that anaerobic treatment is 
primarily for sludge digestion (Shoener et al., 2014; Tchobanoglous et al., 2003) and the notion 
that low-temperature anaerobic treatment of dilute wastewater will result in low chemical oxygen 
demand (COD) removal, low methane production, and high concentrations of dissolved 
methane in the reactor effluent (Smith et al., 2012). Reactor systems such as the anaerobic 
membrane bioreactor (AnMBR) have demonstrated the ability to achieve discharge standards 
for organics and total suspended solids (TSS) while producing methane, but currently use more 
energy than can be recovered in doing so (Smith et al., 2014). Further research is required to 
determine if anaerobic technologies can meet effluent discharge standards while simultaneously 
producing energy in excess of the energy required to operate treatment processes (McCarty et 
al., 2011).  
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Multiple-compartment baffled reactor configurations, such as the anaerobic baffled 
reactor (ABR) or similar anaerobic hybrid reactor systems (i.e., reactors that couple two or more 
anaerobic treatment technologies) have been the subject of study since the first bench-scale 
ABR was introduced over 30 years ago (Bachmann et al., 1985). The baffled configuration of 
the ABR directs wastewater through sequential compartments under upflow and downflow 
conditions such that treated water passes through several sludge beds prior to exiting the 
reactor system (Barber & Stuckey, 1999; Grobicki & Stuckey, 1991). The hydraulic flow pattern 
allows for sludge to be retained, decoupling the hydraulic retention time (HRT) from the solids 
retention time (SRT) and allowing time for additional hydrolysis of solids and particulate COD 
(Hahn & Figueroa, 2015). Biogas produced in the sludge bed, which consists primarily of 
methane (CH4) (65-70%) and carbon dioxide (CO2) (25-30%), allows the sludge to rise and 
slowly settle, and increases substrate-to-biomass contact time (Tchobanoglous et al., 2003). 
Other advantages of the ABR include simple design and operation, low energy inputs, and 
resistance to shock loads of COD and total suspended solids (TSS) from the influent 
wastewater (Barber & Stuckey, 1999). Despite the potential advantages of the ABR, pilot-scale 
demonstrations in colder regions with low wastewater temperatures ranging from 10 to 25 C 
are limited. The majority of ABR studies have been conducted at bench-scale (i.e., < 25 liters), 
with synthetic or filtered wastewater, or for periods of time < 1 year (Hahn & Figueroa, 2015). 
Previously noted disadvantages of the ABR include the requirement to construct shallow 
reactors to accommodate gas and liquid upflow velocities, and the difficulty to evenly distribute 
influent wastewater to the sludge bed (Barber & Stuckey, 1999; Shoener et al., 2014). Further, 
bench-scale domestic wastewater ABR studies suggest that organic (i.e., 5-day biochemical 
oxygen demand, BOD5) and TSS removal capabilities of the ABR do not achieve effluent 
discharge standards (e.g., 30 mg L-1 for BOD5 and TSS for the U.S. EPA), thereby limiting 
current ABR configurations to biologically enhanced primary treatment (Elmitwalli, et al., 1999; 
Lew et al., 2004; Manariotis & Grigoropoulos, 2002; Nasr, et al., 2009; Uemura & Harada, 
2000). Anaerobic reactor systems, to include the ABR and the AnMBR, also fail to remove 
nitrogen and phosphorus, while producing dissolved methane (dCH4) and hydrogen sulfide 
(H2S) – all of which must be addressed prior to widespread implementation (Delgado Vela et al., 
2015).  
Microbial community structure, as well as the stoichiometry and kinetics of observed 
community members, must be characterized to construct models that inform bioreactor design 
and/or accurately predict performance (Rittmann & McCarty, 2001; Rostkowski et al., 2013). 
While studies of microbial communities in multiple-compartment bioreactors such as the ABR do 
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exist, most examine ABRs with waste streams other than raw domestic wastewater or employ 
techniques less comprehensive than 16S rRNA gene sequencing (e.g., fluorescent in-situ 
hybridization, scanning electron microscopy, or gene amplification (polymerase chain reaction) 
coupled with denaturing gradient gel electrophoresis) (Barber & Stuckey, 1999; Gulhane et al., 
2017; Lalbahadur et al., 2005; Plumb et al., 2001; Tsushima et al., 2010; Zhang et al, 2011). 
Additional study of the microbial community structure over time and wastewater temperature 
extremes in each individual reactor compartment is required prior to the development of models 
that accurately predict performance of bioreactors that rely on sludge bed processes (Pfluger et 
al. 2018).   
The purpose of this study was to characterize the long-term performance (720 days) of a 
pilot-scale multiple-compartment hybrid anaerobic biological reactor consisting of three baffled 
compartments (i.e., an ABR; 12:1 height-to-diameter ratio) coupled with an anaerobic fixed film 
reactor (AFFR; 4:1 height-to-diameter ratio) operated under low wastewater temperatures. The 
large height-to-diameter ratio of the ABR portion of the bioreactor was designed to directly 
address aforementioned disadvantages and enhance settling of suspended solids. Specific 
objectives included characterization of: (1) bioreactor performance for removal of organics (i.e., 
COD and BOD5) and TSS relative to established discharge standards; (2) methane generation 
over varying wastewater temperatures, with comparison of observed methane production to the 
theoretical maximum methane generation from the removal of organics (i.e., biodegradable 
COD); and (3) methanogenic community structure in the anaerobic sludge beds of the ABR at 
observed wastewater temperature extremes (12˚C and 23˚C). 
 
2.3. Materials and methods.  
This section describes the anaerobic reactor configuration in section 2.3.1, data 
collection and analyses in section 2.3.2, and methods for determining microbial community 
structure in section 2.3.3.     
2.3.1. Anaerobic reactor configuration  
An anaerobic reactor consisting of three equal-sized cylindrical compartments (0.152 m 
radius and 3.66 m tall) operated as an ABR for 390 days under low wastewater temperatures (9 
to 25˚C) in an unheated structure at the Mines Park Wastewater Test Bed in Golden, Colorado 
(elevation of 1730 meters). A fourth cylindrical compartment (0.152 m radius and 1.22 m tall), 
which contained media for biofilm growth (i.e., AFFR), was added on day 390, which resulted in 
a total hydraulic volume of 800 liters; the hybrid reactor system was operated for an additional 
330 days (720 days total for the study). Figure A.1 depicts a schematic of the ABR-AFFR 
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system. Raw, unheated wastewater from a 250-unit housing complex was first routed to a 2500-
gallon holding tank with submerged grinder pump and 2 mm screen. From there, wastewater 
was routed to a 40-gallon influent feed tank prior to being fed to the reactor system at a rate of 
0.5 L min-1 (720 L day-1) via a Masterflex L/S digital drive peristaltic pump. Grease was primarily 
retained in the holding tank and influent solids were slightly reduced in the ABR-AFFR influent 
feed tank due to settling. The total system hydraulic retention time was 26.7 hours (8 hours for 
each ABR compartment; 2.7 hours for the AFFR). Wastewater was treated as it flowed 
sequentially through the sludge bed or fixed film of each reactor compartment. Each 
compartment contained a downcomer pipe that routed influent wastewater (from the feed or the 
previous compartment) to the bottom of the compartment beneath the sludge bed. Wastewater 
then flowed upward through the sludge bed and into a clarified zone at an upflow velocity of 
0.41 m h-1. Wastewater exited each reactor compartment through an effluent pipe located at the 
top of each compartment, but below the water surface. This hydraulic flow pattern was repeated 
for each reactor compartment. Each compartment contained a gas-liquid-solid separator above 
the sludge bed and below the water surface (installed on day 118 of reactor operations). For the 
AFFR, the gas-liquid-solid separator held media for biofilm growth in the upper half of the 
reactor compartment. Biogas was allowed to accumulate in the headspace of each reactor 
compartment for a minimum of five days prior to sampling.    
2.3.2. Data collection and analyses  
Measurements collected from the influent wastewater and the effluent of each reactor 
compartment included temperature, pH, total COD (tCOD), soluble COD (sCOD), particulate 
COD (pCOD), BOD5, total suspended solids (TSS), volatile suspended solids (VSS), organic 
acids (acetate, propionate, butyrate, and lactate), ions (e.g., sulfate and phosphate), hydrogen 
sulfide, biogas production and composition (CH4 and CO2), and dissolved CH4 (dCH4). 
Measurements collected from the influent wastewater and the reactor effluent (either 
compartment 3 or compartment 4, as appropriate) include dissolved organic carbon (DOC), 
alkalinity, and nitrogen (total nitrogen, nitrate, nitrite, ammonia). Temperature and pH were 
continuously monitored. Grab samples were taken twice weekly for tCOD, sCOD, pCOD, TSS, 
and VSS. Biogas and dCH4 sampling was conducted weekly. Bimonthly grab samples were 
taken for DOC, alkalinity, nitrogen, ions, hydrogen sulfide, and organic acids.  
Analyses for tCOD, sCOD, pCOD, BOD5, TSS, VSS, alkalinity, and nitrogen species 
were conducted according to Standard Methods (APHA, 2005) or approved EPA methods; 
further detail is provided in Appendix A. BOD5 measurements were used to estimate bCOD 
using the relationship 0.68 bCOD = BOD5 (Tchobanoglous et al. 2003). pH was measured with 
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Cole-Parmer pH electrodes (100 Ohm Pt RTD, EW-27003-23). Temperature was measured 
with LabJack EI-1034 probes. Organic acids were analyzed on a Shimadzu LC-20AT liquid 
chromatograph with Agilent Zorbax StableBond 80Å Aq, 4.6 x 150 mm, 3.5 µm HPLC column 
with 0.01 N H3PO4 eluent at 0.6 ml min-1 at 22 C. Ions were analyzed on a ThermoFisher 
Dionex (Thermo Fisher) ICS-900 ion chromatograph with Dionex IonPac AS14A-5 m RFIC 
3x150 mm column with 8.0 mM sodium carbonate and 1.0 mM sodium bicarbonate eluent using 
method SM4110B. DOC was analyzed using a Shimadzu TOC-L CSH with NTM-L detector via 
oxidative combustion infrared-analysis (method SM5301B Total Organic Carbon via High-
Temperature Combustion) with a high-salinity combustion tube (platinum catalyst, ceramic fiber) 
and ultra-high purity air as carrier gas. Reactor biogas flowrate was measured using an Agilent 
Digital Flow Meter (Optiflow 520). dCH4 was analyzed according to the method described in 
Pfluger et al. (2011) with minor modification (described in Appendix A). Biogas composition was 
determined on a Hewlett Packard 6890 with Agilent 5973 Mass Selective Detector GC-MS with 
an Agilent 113-3133 GS-Carbonplot capillary column at max temperature of 360˚C, flowrate of 
1.2 mL min-1, and helium carrier gas.  
Comparisons of the means of two variables were assessed using two-sample t-tests 
(assuming unequal variances) and the Wilcoxon signed-rank test. Matched pairs t-tests were 
used to identify reactor compartments for which a significant reduction in the mean of a 
particular variable (e.g., tCOD, pCOD, etc.) between compartments was observed and, when 
appropriate, corresponding 95% confidence intervals for the mean difference were constructed. 
Linear regressions with varying y-intercept models were fit to assess the impact of temperature 
on several variables. Boxplots were constructed for comparison of contaminant removal by 
individual reactor compartment and identification of statistical outliers. All “” values presented 
in this study represent standard deviation.  
2.3.3. Microbial community structure 
Biological sludge samples from each compartment were removed with a Sludge Judge 
C09247WA Sampler System from the center of each compartment’s sludge bed on two 
occasions when temperature extremes were observed: (1) day 231 of reactor operation (23 C) 
and (2) day 395 of reactor operation (12 C). Influent wastewater samples were also preserved 
on these days. Samples were transported on ice and centrifuged biomass pellets (4000G for 10 
min) were preserved at -20 C until DNA extraction. Genomic DNA was extracted from 2.0 ml of 
anaerobic sludge using the DNeasy PowerLyzer PowerSoil DNA extraction kit (Qiagen, Inc., 
Germantown, MD, USA) according to the manufacturer’s protocol and stored at -80 C. DNA 
was quantified using a Qubit Fluorometer and a Qubit dsDNA High Sensitivity Assay Kit 
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(Thermo-Fisher, Inc.). DNA samples were amplified using primers 515F 
(5’GTGCCAGCMGCCGCGGTAA3’) and 806R (5’GGACTACHVGGGTWTCTAAT3’) following 
the two-step amplification and barcoding strategy described in Stamps et al. (2016). Illumina 
MiSeq sequencing targeting the V4 region of bacteria and archaea was performed by the Duke 
University Center for Genomic and Computational Biology using Illumina 2X250 chemistry. A 
subset of samples was sequenced in duplicate (but with different barcodes) to evaluate 
technical consistency. Post sequencing, data were demultiplexed using Sabre 
(https://github.com/najoshi/sabre) allowing for zero barcode mismatches. rRNA gene sequences 
(henceforth called ‘amplicon sequence variants’ or ASVs) (Callahan et al., 2017) were initially 
analyzed using DADA2 (Callahan et al., 2016) for the following: removal of PCR primer 
sequences and low quality bases, merging paired end reads, taxonomy assignment using Silva 
Version 128 (Pruesse et al., 2007), and ASV table construction. Quantitative Insights into 
Microbial Ecology (QIIME) version 1.9 was used to align and filter ASVs and construct a 
phylogenetic tree. The ASV table, taxonomy table, metadata, and phylogenetic tree were then 
imported into Phyloseq (McMurdie & Holmes, 2013), which was used to visualize data. To 
construct heatmaps, two singleton ASVs were removed, then the ASV table was converted to 
consortium percentage (i.e., ASV count in a sample divided by the sum of sequences in that 
sample) and filtered to retain single nucleotide variants representing > 0.1% of a sample’s 
composition. Data were then subset into the five most abundant phyla; however, composition 
values relative to all identified taxa are presented. Ampvis2 (Albertsen et al., 2015) and ggplot2 
(Wickham, 2016) were used to visualize the resultant heatmap. To construct the principal 
coordinate analysis (PCoA) plot, singleton-free data were normalized using MetagenomeSeq 
cumulative sum scaling (Paulson et al., 2013) prior to construction of a weighted UniFrac 
distance matrix (Lozupone & Knight, 2005). Sequences can be accessed on GenBank under 
accession SRP136078 (National Center for Biotechnology Information; see Appendix A).   
 
2.4. Results and discussion   
During the 720-day study period, pH ranged between 6.8 and 7.2. Alkalinity, which 
provides buffering capacity against changes in pH, increased from 192  50 mg CaCO3 L-1 in 
the influent wastewater to 281  81 mg CaCO3 L-1 in the reactor effluent. Wastewater 
temperatures fluctuated seasonally and weekly averages were observed to vary between 9 and 
25 C; however, temperatures as low as 6 C were observed.  
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2.4.1. ABR-AFFR approached effluent discharge standards under warmer temperatures 
The influent wastewater was considered medium-high strength relative to domestic 
wastewater characteristics described in Tchobanoglous et al. (2003). Mean concentrations of 
key performance parameters (tCOD, pCOD, sCOD, BOD5, and TSS) for the influent and effluent 
of each reactor compartment are provided in Table 2.1. For comparison, results are subset into 
four periods of time based on variations in seasonal wastewater temperatures: Period 1 (days 0-
180; 14.88  1.64 C), Period 2 (days 181-360; 20.97  2.37 C), Period 3 (days 361-540; 16.51 
 2.70 C), Period 4 (days 541-720; 20.50  2.72 C). Mean removal of tCOD, pCOD, sCOD, 
and TSS by reactor compartment with 95% confidence intervals are summarized in Table A.1.  
Influent tCOD concentrations were 549  260 mg L-1 over the course of the study, which 
equates to a mean organic loading rate of 0.55 kg tCOD m -3 d-1. System-level tCOD removal 
(i.e., influent minus effluent tCOD) averaged 208  179 g tCOD d-1 (i.e., 49  19%). tCOD was 
removed longitudinally through the reactor system; however, tCOD removal in compartment 1 
(C1) was significantly greater than removal in any other compartment (Table 2.1, Table A.1) 
averaging 151  191 g tCOD d-1. Large variation in observed tCOD removal was evident in C1 
due to several negative measurements (i.e., measured tCOD concentrations in C1 were higher 
than influent tCOD concentrations) caused by biogas-induced sludge lifting events, which 
occurred periodically during the first 120 days of the study, but were negated by installation of a 
gas-liquid-solid separators. tCOD removal in compartment 2 (C2) was significant throughout the 
course of the study except for Period 3, while tCOD removal in compartments 3 (C3) and 4 (C4) 
were significant during the entire study (Table A.1). Figure A.2, a boxplot, shows mean tCOD 
removal and outliers by compartment. Observed BOD5 removal through C3 (i.e., the ABR 
portion of the bioreactor) averaged 50  20%, similar to tCOD removal. The addition of C4 on 
day 390 increased organics removal by a small, but significant amount. System-level organic 
removal increased from 55  10% (C1 to C3) to 59  8% (C1 to C4) between days 390 and 720 
of the study. Based on the observed tCOD-to-BOD5 ratio of 2.3, the EPA standard for organic 
concentration of 30 mg L-1 BOD5 is equivalent to 69 mg tCOD L-1. In terms of statistical 
significance, pCOD removal followed the same trend as tCOD, with the exception that mean 
removal in C3 was not significant during the first 180 days of the study. A significant amount of 
sCOD was generated in C1 for the first 150 days of study, then removed thereafter, suggesting 
that the rate of hydrolysis of pCOD was greater than the utilization rate of sCOD at the 
beginning of the study when colder wastewater temperatures (12-16 C) and accumulation of  
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Table 2.1. Mean concentrations and standard deviations of several key performance parameters for the influent wastewater and each 
reactor compartment broken into four-time periods based on temperature.  
 
     Period  Period 1  Period 2  Period 3  Period 4 
Temperature  Days 0-180  Days 181-360  Days 361-540  Days 541-720 
       (C)  14.88  1.64  20.97  2.37  16.51  2.70  20.50  2.72 
 
Variable     Time Period  Influent                C1          C2          C3                     C4 
 (mg L-1)         
 
tCOD         Period 1  547.8  217.5  405.2  98.9  365.2  53.6  350.5  55.3  N/A 
          Period 2  612.4  299.2  367.4  39.6  321.0  36.9  254.7  41.5  N/A 
          Period 3  630.2  307.2  359.0  150.6  311.7  31.7  285.4  29.0  259.3  30.2 
          Period 4  405.8  132.8  235.3  29.3  202.4  23.8  174.8  28.3  158.1  28.4 
                  Entire Study  549.1  259.6   341.1  112.1  299.8  70.9  266.7  74.7  203.2  58.5 
 
pCOD         Period 1  343.4  213.2  177.7  58.3  129.4  40.6  132.5  30.9  N/A 
             Period 2  394.4  265.4  149.9  29.5  122.2  35.9  82.6  22.2  N/A 
             Period 3  398.0  286.5  167.9  143.7  120.6  21.6  105.6  17.8  89.9  15.2 
             Period 4  223.8  102.9  111.4  30.5  86.3  21.4  68.4  25.9   58.9  28.5 
       Entire Study  340.1  83.3  151.4  83.3  114.7  34.7  97.5  34.4  72.6  28.1 
 
sCOD        Period 1  204.5  28.4  227.5  52.1  235.8  5.1  218.0  40.4  N/A 
         Period 2  217.9  44.9  217.8  27.9   198.8  28.2  172.0  27.1   N/A 
         Period 3  232.2  39.9  191.1  18.2  191.0  25.6   179.7  17.4  169.4  18.6 
         Period 4  182.0  37.4  123.9  13.5   116.2  19.7  106.4  18.6   99.6  17.5  
      Entire Study   209.0  41.7   189.7  51.0   185.2.  54.5  169.2  48.5  130.8  39.4 
 
BOD5        Period 1a  222.2  5.4  147.9  9.9  168.3  35.0  181.2  29.9  N/A 
         Period 2  257.6  112.5  179.3  31.9  166.5  36.0  127.8  27.0  N/A 
         Period 3  287.0  186.4  131.1  15.4  121.7  19.6  110.6  16.2  91.3  13.9 
            Period 4  165.3  60.3  88.9  21.3  70.2  15.0  60.9  14.9  50.6  12.3 
                 Entire Study  238.6  132.5  136.8  42.9  125.5  47.3  106.9  39.1  69.8  24.5 
 
TSS        Period 1  243.3  258.9  85.4  25.5  67.5  15.3  64.52  14.5  N/A 
       Period 2  379.5  440.5  73.4 12.3  58.5  19.6  39.2  9.5  N/A 
       Period 3  598.4  713.9  93.2  24.4  70.7  10.2  59.2  8.3   49.3  8.7 
       Period 4  254.2  421.0  84.0  22.5  52.1  11.9  37.4  10.3  31.3  11.2 
    Entire Study   367.6  500.9  83.7  22.7  62.0  16.2  49.9  16.0  39.5  13.5  
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Figure 2.1. Monthly mean influent and effluent tCOD concentrations with standard deviations for 
this bioreactor system compared to the COD-equivalent EPA 30-day secondary discharge 
standard (69 mg L-1). Influent concentrations were highly variable throughout the study period. 
The vertical dotted red line represents the addition of C4. 
 
solids in C1 were observed (Table A.1; Figure A.3). While sCOD concentrations decreased 
longitudinally through the reactor after day 150, statistically significant relationships varied by 
compartment over time. Only during days 541-720 of the study did all four reactor 
compartments remove statistically significant concentrations of sCOD. 
Figure 2.1 presents monthly mean influent and effluent tCOD concentrations compared 
to the EPA effluent discharge standard (in terms of tCOD). Influent tCOD concentrations were 
highly variable during the study period, while variations in effluent tCOD were much lower, 
suggesting that the ABR-AFFR was resistant to tCOD shock loads. Figure A.4 further depicts 
the low variation in effluent concentrations by displaying all measurements from both C3 and C4 
and comparing each to the EPA secondary standard. The ABR-AFFR did not achieve 
equivalent secondary effluent standards for tCOD; however, effluent tCOD concentrations 
approached discharge standards under warmer temperatures. Linear regression between 
effluent tCOD concentrations and wastewater temperature indicates a statistically significant 






















14.8  1.6 ℃ 21.0  2.4 ℃ 16.5  2.7 ℃ 20.5  2.7 ℃
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lower influent tCOD concentrations during the last 180 days of the study likely contribute to the 
lower effluent tCOD concentrations depicted in Figure 2.1. Despite not achieving effluent 
discharge standards, the ABR-AFFR outperformed conventional primary clarification, which 
typically removes 25-35% of BOD (WEF, 2007), and observed organics removal is within the 
range of larger pilot-scale UASBs operated at wastewater temperatures of 20-30 C (Álvarez et 
al., 2006; Barros et al., 2008; Khan et al., 2014; Noyola, 2004; Vieira & Garcia, 1992). 
Similar to influent tCOD, mean influent TSS concentrations were highly variable, 
averaging 368  501 mg L-1 over the course of the study (Figure 2.2). Mean TSS removal over 
the course of the study was 230 g d-1 (72  18%); however, system level TSS removal was 
highly variable due to variable influent TSS (Period 1 = 129 g d-1; Period 2 = 245 g d-1; Period 3 
= 394 g d-1; Period 4 = 160 g d-1). Unlike COD, statistically significant concentrations of TSS 
were removed in each compartment longitudinally through the reactor system for all four time 
periods examined. C1 removed the most TSS, averaging 207  358 g d-1. Similar to tCOD, large 
variation in mean TSS removal in C1 was observed due to several negative measurements. 
Figure A.6, a boxplot, depicts mean removal of TSS by compartment. VSS comprised 88  9% 
of TSS within the reactor system with no difference observed between different reactor 
compartments. SRT was estimated by dividing the total mass of VS in the reactor, as 
determined from sludge VSS concentration (g L-1 sludge) and the observed sludge volume (L), 
by the mass removal rate of effluent VSS (g d-1), scum removed from the top of each reactor 
compartment during biological sampling (g d-1), and the sludge removed during biological 
sampling (g d-1). Mean SRT was 61  42 days, or approximately 60 times the HRT. SRT was 
weakly correlated with temperature (R2 = 0.12, p <0.001) suggesting that other variables 
impacted SRT more than temperature. Sludge was not purposefully wasted during the study 
period to facilitate long-term degradation of pCOD and settled solids. The SRT represents the 
period of time that sludge remains in a bioreactor and varies in activated sludge systems 
depending on the level of treatment required (e.g., BOD removal only, or BOD removal with 
nitrification) and temperature. Longer SRTs (i.e., 3 to 18 days) are observed in activated sludge 
systems when complete nitrification is desired, especially at lower wastewater temperatures 
(Tchobanoglous et al., 2003). Typical SRTs for the stabilization of waste activated sludge using 
anaerobic digestion are longer, ranging from 20 to 40 days depending on digester temperature 
(Tchobanoglous et al., 2003). Estimating SRT based on flowrate and VS concentration in the 
bioreactor, effluent, and recycle is common for activated sludge, but may be less accurate for 
anaerobic sludge bed processes when sludge is not wasted or recycled. Further study is 
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required to identify a more accurate approach for determining SRT for sludge bed-based 
anaerobic bioreactors.       
 
 
Figure 2.2. Monthly mean influent and effluent TSS concentrations with standard deviations 
compared to the EPA secondary standard (30 mg L-1). As with tCOD, influent TSS 
concentrations were highly variable. The vertical dotted red line represents the addition of C4.  
 
Under warmer wastewater temperatures, the ABR-AFFR episodically met the EPA 
secondary discharge standard for TSS despite variable influent concentrations. Figure 2.2 
presents monthly mean influent and effluent TSS concentrations compared to the EPA effluent 
discharge standard. As shown, measured effluent TSS concentrations had lower variability 
relative to influent concentrations. Figure A.7 displays all effluent TSS measurements from C3 
and C4 compared to the EPA secondary discharge standard. Linear regression between plotted 
effluent TSS concentrations and temperature suggests a statistically significant relationship (R2 
= 0.472, p <0.001) (Figure A.8). The ABR-AFFR regardless of temperature removed TSS 
beyond conventional primary clarification, which typically removes 50-65% of TSS in influent 
wastewater, and is comparable to removal observed with chemically enhanced primary 
treatment with flocculation and settling (range = 60-90% TSS removal) (WEF, 2007).   
Results from this study indicate that follow-on treatment processes are required to 
remove additional organic carbon and suspended solids, especially under colder temperatures. 
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While enhanced performance could be achieved by heating wastewater to warmer 
temperatures, substantial energy input would be required (approximately 1.17 kWh for each C 
increase per m3 of wastewater treated) (Shoener et al., 2014), negating the energy generating 
advantage of the ABR-AFFR.  
2.4.2. Observed methane production approaches the theoretical maximum and varies 
with wastewater temperatures  
Mean observed total CH4 (i.e., gaseous and dissolved) production by reactor 
compartment over the entire study period is summarized in Table 2.2. Figure 2.3 depicts 
observed monthly mean total, gaseous, and dissolved methane measurements compared to 
theoretical CH4 production from biodegradable COD (bCOD) removal over time. Mean observed 
system-level CH4 production was 80  24 L d-1 with 41  21% of CH4 existing in the dissolved 
phase. The mean effluent dCH4 concentration was 35  15 mg L-1, which is comparable to 
reported values from other ABRs and UASBs operated under colder conditions (13-25 C) 
(Álvarez et al., 2006; Álvarez et al., 2003; Cookney et al., 2012; Souza et al., 2011; Uemura & 
Harada, 2000). dCH4 was measured from the effluent of each reactor compartment; however, 
no significant difference in dCH4 concentrations were observed (C1 = 35  18 mg L-1; C2 = 32  
15 mg L-1; C3 = 35  17 mg L-1; C4 = 37  9 mg L-1). Similarly, no statistically significant 
difference was observed in gaseous CH4 production between reactor compartments (Table 2.2), 
or the percentage of CH4 in the biogas (C1 = 67  8%; C2 = 64  5%; C3 = 70  3%; C4 = 70  
3%). Mean methane production in the ABR-AFFR normalized to tCOD removal yielded 0.36  
0.26 L CH4 per g tCOD removed. The mean methane production is higher than pilot-scale 
UASB-like reactor systems, which range 0.03 to 0.25 L CH4 per g tCOD removed but is similar 
to the four-compartment ABR examined by Hahn & Figueroa (2015) (0.24  0.17 L CH4 per g 
tCOD). Regression analyses between wastewater temperature and total CH4 production, 
gaseous CH4 production, and dCH4 production indicated statistically significant relationships for 
each; however, the total CH4 production (R2 = 0.458, p <0.001) and gaseous CH4 production (R2 
= 0.440, p <0.001) had stronger relationships with temperature than dCH4 (R2 = 0.113, p 
<0.001). The relatively weak relationship between effluent dCH4 and wastewater temperature is 
likely due to the observation that CH4 production decreases at lower temperatures while CH4 
solubility simultaneously increases, two phenomena that have offsetting impacts.  
tCOD is a measurement of the oxygen demand required to oxidize organic material, 
including carbohydrates, fats, and proteins found in domestic wastewater. Inorganic material, 
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Table 2.2. Comparison of mean theoretical maximum methane generation from the removal of tCOD and observed methane 
generation (gaseous and dissolved) within each compartment of the ABR-AFFR over the course of study. Mean tCOD and bCOD 
removal (g d-1) by compartment over the course of study are also displayed.  
 
Variable   C1       C2      C3    C4            Total System 
 
tCOD removal (g d-1)  151  191  30  57   25  21   14  6   212  184 
 
bCOD removal (g d-1)  98  124  19  37   16  14   9  4   137  119 
 
Theoretical maximum  56  78   12  25   8  7   4  2   71  79 
      CH4 production (L d-1) 
Observed total CH4  22  10   20  10   26  11   14  6    80  24 
       production (L d-1) 
 
Table 2.3. Effluent characteristics from the ABR-AFFR compared to reported effluent characteristics in Delgado Vega et al. (2015) for 
other anaerobic domestic wastewater treatment systems. Values are expressed as COD equivalents except for ammonia and 
phosphate.  
                 Other anaerobic systems  
 
Contaminant   ABR-AFFR  Mean  Range  
 
Ammonium (mg N L-1)  44  8   36  17  9 – 67      
   
Phosphate (mg P L-1)  5  1   6  7  1 – 20  
 
Sulfide (mg COD L-1)  17  4   62  83  3 – 184   
 
dCH4 (mg COD L-1)  142  58  91  50  42 – 204  
 
sCOD (mg COD L-1)  166  51   99  46  46 – 201 
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Figure 2.3. Mean monthly CH4 flowrate (total, gaseous, and dissolved) compared to theoretical 
maximum CH4 production calculated from bCOD removal (no assumed losses). Consistent CH4 
measurements were not taken during the first 180 days due to reactor maintenance issues and 
are not displayed.  
 
such as sulfate and iron, can also exert an oxygen demand, which is captured in tCOD 
measurements. The biodegradable fraction of COD (bCOD) is degraded in anaerobic systems   
via hydrolysis, acidogenesis, acetogenesis, and methanogenesis, ultimately producing CH4, a 
bioenergy end product, and CO2. At STP, theoretical CH4 production based on 100% 
conversion of BODL (i.e., bCOD) is 0.35 L CH4 per g of BODL removed. This value is modified 
under temperatures and pressures other than STP. CH4 production in this study occurred under 
lower atmospheric pressure (0.83 atm in Colorado) and variable air temperatures (i.e., 12 to 27 
C), which increased the range of theoretical methane production to 0.43-0.47 L CH4 per g 
BODL removed. According to McCarty et al. (2011), approximately 20% of the biodegradable 
organic energy potential is lost in the wastewater treatment process and should be accounted 
for in determining CH4 generation. Theoretical CH4 production by compartment for the ABR-
AFFR system, with and without 20% loss of energy potential, is shown in Table 2.2. C1 of the 
ABR-AFFR removed more bCOD relative to other compartments, and theoretically should have 
produced the most CH4; however, observed CH4 production was evenly distributed between 
reactor compartments. There are two likely explanations for this observation. First, dCH4 
measurements suggest that migration of dissolved-phase CH4 occurred as wastewater moved 
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longitudinally through reactor compartments. According to Henry’s Law, dCH4 will partition from 
wastewater to the bioreactor headspace based on temperature and observed gas-phase CH4 
concentrations (Cooper & Alley, 2011), not based the reactor compartment in which the CH4 
was generated. Second, because SRT is decoupled from HRT in the ABR-AFFR, hydrolysis of 
particulate material and settled solids in the sludge bed of each reactor compartment likely 
produced CH4 at a rate independent of measured daily biodegradable organic loading, the value 
from which theoretical CH4 is calculated.  
As shown in Table 2.2, observed CH4 production exceeded theoretical CH4 generation 
when losses were considered (i.e., 20% of biodegradable organic energy), but was within the 
standard error. Large standard error when calculating theoretical CH4 generation is due to highly 
variable influent organic loading (Table 2.1). When losses of biodegradable organic energy were 
not considered, the observed CH4 production was similar to theoretical CH4 generation. The 
aforementioned 20% loss of organic energy accounts for anaerobic conversion of higher energy 
organics (e.g., carbohydrates) to CH4 (8%), microbial cell synthesis (7%), and inefficiencies in 
wastewater treatment (5%) (McCarty et al. 2011). Losses in biodegradable organic energy are 
inevitable in wastewater treatment systems; however, results of this study suggest that the 
impact of these losses may not be immediately observed in theoretical CH4 generation 
calculations from bCOD. As mentioned, no sludge was intentionally wasted from the ABR-AFFR 
during the study period, which created a scenario for the long-term degradation of organic 
material, to include decaying cells, and increased CH4 generation over time. More study is 
required to accurately model CH4 generation from immediate bCOD removal (i.e., coupled to 
HRT) and the generation of CH4 from the degradation of organic material in the sludge bed (i.e., 
decoupled from HRT).  
The distribution of observed CH4 production in the ABR-AFFR did not follow trends 
reported in several other bench and pilot-scale ABR studies (Hahn & Figueroa, 2015; 
Shanmugam & Akunna, 2008; Wang et al., 2004), which reported higher methane flowrates and 
increased percentage of CH4 in the biogas in later reactor compartments relative to earlier 
reactor compartments. Hahn & Figueroa (2015) reported that each compartment of a pilot-scale, 
four-compartment ABR produced at least 20% of the total CH4; however, gaseous CH4 flowrate 
increased from approximately 20 L d-1 in the first compartment to approximately 50 L d-1 in the 
last compartment. Additionally, the percent CH4 in the biogas increased from 55% in the first 
compartment to 81% in the last compartment. The differing methane production pattern 
between the four-compartment ABR described in Hahn & Figueroa (2015) and the ABR-AFFR 
in this study is likely attributed to differing reactor configurations. In Hahn & Figueroa (2015), 
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reactor compartments were square with a height-to-width ratio of 2.7:1, which is substantially 
different than the cylindrical compartments with a height-to-diameter ratio of 12:1 in this study. 
While incidents of acute sludge bed lifting due to accumulation of biogas were observed in this 
study, especially following reactor start-up under colder wastewater temperatures, the large 
height-to-diameter ratio and the inclusion of a gas-liquid-solid separator likely prevented 
substantial migration of sludge, increasing the volatile solids in C1 relative to later reactor 
compartments.  
2.4.3. The ABR-AFFR is an energy-positive process  
Observed CH4 production varied with changes in wastewater temperatures (Figure 2.3). 
WWRFs implementing anaerobic systems such as the ABR-AFFR will need to account for such 
variations in CH4 production when conducting facility-level energy balances and assessing grid 
electricity purchase requirements. Electrical energy conversion efficiencies from combined heat 
and power (CHP) systems can vary between 5% (low-end for steam turbine) to 63% (high-end 
for fuel cell). The efficiency in conversion to electrical energy can be increased if a portion of the 
heat is recovered and converted to electrical energy. For example, fuel cells can increase to 
80% effective electrical efficiency if heat is recovered (U.S. EPA, 2017). Assuming a 
conservative 32% electrical energy conversion efficiency (mid-range for steam turbine, gas 
turbines, and microturbines) and a CH4 energy content of 0.222 kWh mol-1 (lower heating value) 
(Kim et al., 2011), the mean electrical energy potential of the gaseous CH4 produced by the 
ABR-AFFR was 0.16  0.06 kWh m-3 of wastewater treated. The electrical energy potential 
increased to 0.40  0.16 kWh m-3 when a high-end 80% conversion was assumed. Results from 
this study suggest, however, that electrical energy potential will vary significantly with 
wastewater temperature (R2 = 0.477, p <0.001). Assuming 32% conversion efficiency, projected 
electrical energy potential from gaseous CH4 was 0.08 kWh m-3 at a wastewater temperature of 
12 C, whereas electrical energy potential increased to 0.28 kWh m -3 at 25 C. The typical 
energy requirement for activated sludge aeration is between 0.3-0.6 kWh m-3 of wastewater 
treated (McCarty et al., 2011), suggesting that the ABR-AFFR could produce enough CH4 at 
higher wastewater temperatures to power the activated sludge process at some WWRFs with 
lower aeration requirements, especially with efficient CHP technologies. Further, the enhanced 
COD removal of the ABR-AFFR relative to conventional primary treatment should reduce 
activated sludge aeration requirements, thereby decreasing energy requirements.   
Electrical energy requirements for conventional primary clarification are approximately 
0.008 kWh per m3 of wastewater treated (EPRI, 2013). By comparison, the ABR-AFFR 
theoretically requires no energy input if placed within the hydraulic gradient of a WWRF. With no 
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need to purposefully waste or recycle sludge, continuous operation of a pumping system is also 
not required. All produced CH4 could be routed to a combined heat and power (CHP) system for 
production of onsite electricity and heat, making the ABR-AFFR an energy-positive process. 
Comparison of the ABR-AFFR to other anaerobic processes suggests that the system has 
increased electrical energy generation potential. Estimates from other studies of anaerobic 
reactor systems range from 0.04 kWh m-3 wastewater treated for a two-stage anaerobic 
fluidized bed-membrane bioreactor (SAF-MBR) to 0.13 kWh m-3 for an expanded granular 
sludge bed reactor (EGSB) (assuming 32% conversion efficiency; however, estimated energy 
for fluidization of the sludge bed was not reported) (Bae et al., 2013; Cookney et al., 2012; Yoo 
et al., 2014). For all anaerobic reactor systems examined, potential energy generation could be 
enhanced by the recovery of dCH4 from the effluent. For the ABR-AFFR, electrical energy 
recovery potential would increase to 0.12 kWh m -3 at 12 C and 0.38 kWh m-3 at 25 C if 100% 
of dCH4 was captured and converted to electrical energy (assuming 32% conversion efficiency).  
2.4.4. Relative abundance of Euryarchaeota increased between warm- and cold-weather 
samples  
The microbial community structure of the sludge bed in each ABR compartment and the 
influent wastewater is depicted in Figure 2.4, which provides a heat map of the 30 most 
prevalent genera grouped by phyla, wastewater temperature (warm = 23 C, cold = 12 C), and 
location within the reactor. For the influent wastewater, Proteobacteria, Firmicutes, and 
Bacteriodetes were the most prevalent phyla in both the warm- and cold-weather samples. The 
presence of these phyla are consistent with the results of other raw domestic wastewater 
studies (McLellan et al., 2011; Ye & Zhang, 2013). Several genera were observed in high 
relative abundance in the influent, e.g., Acinetobacter, Acidovorax, Arcobacter, and Aeromonos, 
but decreased within the sludge beds of each compartment regardless of temperature. In C1, 
the relative abundance of each phylum shown in Figure 2.4 was dynamic between warm and 
cold-weather samples with Bacteriodetes increasing by five-fold, Proteobacteria decreasing by 
more than one half, and Firmicutes decreasing by > 10%. Euryarchaeota, which consisted 
solely of methanogens and comprised approximately 6% of the microbial community in C1’s 
warm-weather sample, increased to approximately 11% in the cold-weather sample. 
Synergistetes, which can have a symbiotic relationship with Euryarchaeota (Rosenberg, 2014), 
similarly increased from 10% to approximately 23% relative abundance between the warm- and 
cold-weather samples. Similar to C1, in C2 Firmicutes decreased and Bacteriodetes increased 
between warm and cold-weather samples. The relative abundance of Euryarchaeota more than 
doubled between samplings, while Synergistetes slightly decreased in relative abundance in C2. 
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Between warm- and cold-weather samples, Firmicutes decreased more than threefold in C3 
while Euryarchaeota increased almost threefold from 12 to 28% relative abundance to become 
the most prevalent phylum.      
Four methanogen genera were prevalent in the reactor system: Methanosaeta, 
Methanospirillum, Methanobrevibacter, and an uncultured methanogen from the family 
Thermoplasmatales. Methanosaeta is an acetoclastic, or acetate-utilizing, methanogen, while 
both Methanospirillum and Methanobrevibacter are hydrogenotrophic, or H2 and CO2 utilizing 
methanogens. The composition of the methanogen community differed for each reactor 
compartment and under each temperature condition. In the warm-weather sample, 
Methanobrevibacter was the most prevalent methanogen in C1 (5.4% abundance) but 
decreased longitudinally through the reactor system (C2 = 2.8% abundance; C3 = 2.7% 
abundance). In the cold-weather sample, however, Methanobrevibacter decreased in relative 
abundance to become the least prevalent methanogen in all reactor compartments. 
Methanospirillum showed an opposite trend, increasing from 0.1% abundance in C1 to 1.8% 
abundance in C3 in the warm-weather sample, and increasing in prevalence in the cold-weather 
sample. The uncultured methanogen from the family Thermoplasmatales also increased in 
relative abundance between warm- and cold-weather samples. In the warm-weather sample, 
Methanosaeta increased in abundance longitudinally through the reactor from 1.0% in C1 to 
6.5% in C3. Methanosaeta experienced the greatest change in relative abundance between 
sampling, increasing at least four-fold in each reactor compartment (increased in C1 from 1.0% 
to 5.5%; C2 from 4.3% to 19.6%; C3 from 6.5% to 23.4%). 
The increasing relative abundance of Methanosaeta longitudinally through the reactor 
corresponds with observed acetate concentrations (Table A.2). Mean acetate concentrations in 
the influent wastewater (37  21 mg L-1) were significantly lower (p-value < 0.05) than C1 (46  
25 mg L-1) suggesting that acetogenesis was a dominant function in C1. Acetate concentrations 
remained consistently high in later reactor compartments with no significant reduction observed 
(effluent acetate = 47  24 mg L-1) suggesting that sufficient acetate was available for 
acetoclastic methanogenesis to occur. The high effluent acetate concentration further suggests 
that operational modifications can be made to the ABR-AFFR, e.g., the addition of an additional 
reactor compartment, to enhance acetate removal and increase methane production. Observed 
total CH4 production during the eighth month of reactor operation, when the warm weather 
sample was taken, was 60  8 L d-1, which is higher than observed CH4 production in the 
thirteenth month of reactor operation when the cold weather sample was taken (45  21 L d-1) 
despite higher relative abundance of methanogens in the sludge bed. The decrease in CH4 
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production under colder weather conditions can likely be attributed to depressed metabolic 
activity. Deltaproteobacteria, which include sulfate-reducing bacteria (SRB) known to compete 
with methanogens for resources such as acetate (Eaux-degremont, 1987; Isa et al., 1986; 
Schönheit et al., 1982), also increased in relative abundance in each reactor compartment from 
the warm-weather to the cold-weather sample. Sulfate concentrations, which were relatively 
high in the influent (73  26 mg L-1), decreased longitudinally through the reactor system 
throughout the course of study (effluent sulfate = 8  6 mg L-1) (Table A.2). 
 
 
Figure 2.4. Heat map of the most prevalent microorganisms in the warm- and cold-weather ABR 
sludge samples. (A) Relative abundance of genera within the phylum Euryarchaeota. (B) The 
top seven phyla by relative abundance. Organisms are organized within each phylum according 
to greatest net percent relative abundance observed across all locations and times. The 
tabulated consortium percentage is relative to the entire consortium. For both (A) and (B), 
darker red coloration indicates increased relative abundance relative to lighter colors. 
 
Principal coordinate analysis (PCoA) of weighted UniFrac distance matrices was used to 
examine similarity between microbial communities in each reactor compartment for each 
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temperature condition (Figure 2.5). As depicted, the influent wastewater community was similar 
under varying temperature conditions, but distinct from the communities in each reactor 
compartment. The communities in C1, C2, and C3 were relatively similar under warm-weather 
conditions but were less similar by the cold-weather sampling. The decrease in similarity can be 
attributed primarily to the increase in relative abundance of methanogens, specifically 
Methanosaeta. It is unclear whether the change in temperature or the increasing maturity of 
sludge between the warm weather sample (day 231 of the study) and the cold weather sample 
(day 395 of the study) facilitated the increased abundance of Methanosaeta. Study of mcrA 
 
 
Figure 2.5. PCoA of weighted UniFrac distance matrices for the sludge beds in the ABR portion 
of the ABR-AFFR and the influent wastewater. Samples are colored by temperature and locations 
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gene abundance in the pilot-scale four-compartment ABR described in Hahn et al. (2015) 
identified an increase from the first to second year of operations, suggesting that long-term 
studies may be required to more fully understand the development of methanogenic community 
structure over time. Further study is also required to determine whether acetoclastic 
methanogens (i.e., Methanosaeta) will continue to dominate the methanogenic community over 
time and under varying temperatures. Only after such long-term studies can community 
structure be tied to reactor performance and accurate models of anaerobic multiple-
compartment sludge-bed processes be constructed.  
2.4.5. Complete energy-positive wastewater treatment configurations  
Table 2.3 provides the effluent concentrations of several contaminants that require 
further treatment prior to discharge into the natural environment. Mean concentrations of 
contaminants observed in studies of other anaerobic reactors from Delgado Vela et al. (2016) 
are provided for comparison. Observed concentrations of ammonium, phosphate, sulfide, dCH4, 
and sCOD in the ABR-AFFR effluent were within the range of other anaerobic studies. The 
ABR-AFFR removed little influent nitrogen or phosphorus over the course of the study, an 
expected result for anaerobic systems. If released to the environment, nitrogen and phosphorus 
can have substantial eutrophication impacts on downstream ecosystems. Nitrogen and 
phosphorus removal is currently achieved in aerobic wastewater treatment using several 
biological or chemical approaches, such as nitrification/denitrification, which converts ammonia 
to N2 gas, or chemical phosphorus precipitation using aluminum or iron salts. Partial nitritation 
coupled with anammox, which requires limited aeration and no supplemental carbon addition, is 
a promising alternative for anaerobic effluents with low carbon-to-nitrogen ratios; however full-
scale, mainstream systems have not yet been demonstrated (Laureni et al., 2016; Lotti, 2015).  
Additionally, effluent dCH4 represents not just a loss of potential energy but is a potent 
greenhouse gas, approximately 25 times more impactful than CO2. Several approaches for 
dCH4 removal and/or capture from anaerobic effluents have been proposed; however no 
economically or energetically viable solution has been identified to date (Smith et al., 2014). 
Studies that strip and capture dCH4 for energy generation, such as membrane degasification, 
currently use more energy than can theoretically be recovered (Bandara et al., 2011; Cookney 
et al., 2016, 2012; Crone et al., 2017). Several biogenic dCH4 removal solutions have been 
studied but have not been demonstrated at full scale. Examples include the downflow hanging 
sponge, which was observed to remove 57 to 88% of dCH4 (Hatamoto et al., 2011; Hatamoto et 
al., 2010; Matsuura et al., 2010), and a bench-scale microbial fuel cell (MFC) treating synthetic 
anaerobic effluent (80% methane saturation; dCH4 concentration not reported) at 20 C that was 
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able to remove up to 85% dCH4 via an aerobic microbial consortium. The MFC relied on a 
methanotroph cathode biofilm that produced intermediate metabolites, e.g. formate and acetate, 
which served as substrates for Geobacter, a common exoelectrogen, in the anode biofilm, 
which, when converted to electrical energy, was enough to power the MFC itself (Chen & Smith, 
2018). Bioreactors coupling methane-oxidizing microbial communities (i.e., methanotrophs) and 
microalgae may be a means of removing dCH4, ammonia, and excess carbon; however, 
additional treatment for phosphorus would still be required, as would additional energy to 
process biomass if a follow-on beneficial use is desired, such as biofuel production (van der Ha 
et al., 2011). 
Unfortunately, no single treatment technology is currently able to address all 
contaminants found in anaerobic effluents. The challenge is to develop a treatment train that 
removes residual contaminants to discharge levels while simultaneously using less energy than 
is generated by CH4 production. In the near-term, the ABR-AFFR, or similar multiple-
compartment anaerobic reactor configurations, could replace conventional primary treatment, 
though global warming impacts from fugitive CH4 emissions need further study. After further 
research and optimization, the ABR-AFFR could serve as primary treatment for follow-on partial 
nitritation coupled with anammox for nitrogen and carbon removal, and a chemical phosphorus 
removal process prior to discharge. Beyond CH4 production for heat and energy generation, the 
physical footprint of the proposed treatment facility would be reduced due to minimal sludge 
production.   
 
2.5. Conclusions  
Results of this study suggest that the ABR-AFFR is a viable alternative to conventional 
primary treatment. Under low wastewater temperatures, the reactor removed organics and 
suspended solids beyond conventional primary treatment while generating stoichiometric 
quantities of methane gas. This study also suggests that long-term degradation of COD and 
settled solids in the anaerobic sludge bed will produce methane beyond the theoretical 
maximum quantity of methane calculated from biodegradable COD removal. The ABR-AFFR is 
an energy-positive process, which, depending on the CHP technology used, can produce 
enough electricity to completely power some downstream activated sludge processes. 
Examination of the methanogenic community structure suggests an increase in relative 
abundance over time, especially of Methanosaeta, despite a decrease in temperature; however, 
more study is needed to create accurate models that tie system performance to abundance of 
methanogens. While the ABR-AFFR could replace conventional primary treatment in an 
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anaerobic-aerobic treatment paradigm near-term, further study, especially concerning the 
removal of residual contaminants (e.g., dissolved methane and ammonia), is required prior to 
widespread implementation of a completely anaerobic treatment paradigm.  
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CHAPTER 3 
 
ENERGY GENERATING POTENTIAL OF BIOLOGICALLY ENHANCED PRIMARY 
TREATMENT OF DOMESTIC WASTWATER USING 
MULTIPLE-COMPARTMENT BIOREACTORS 
 
A paper in preparation for submittal to Environmental Science: Water Research & 
Technology 
 
Andrew Pfluger4, Rebecca Erickson5, Gary Vanzin6, Martha Hahn7, Junko Munakata-
Marr8, Linda Figueroa8 
 
3.1. Abstract 
Wastewater reclamation facilities have the potential to be net energy producers if 
anaerobic bioreactors coupled with energy-generating technologies, such as combined heat and 
power (CHP), are employed. To characterize the energy generating potential of multiple-
compartment anaerobic bioreactors used for biologically enhanced primary treatment of 
domestic wastewater, organic removal and observed CH4 generation from two pilot-scale 
anaerobic bioreactors, both anaerobic baffled reactors or similar variants, operating for more 
than 2400 days over a range of wastewater temperatures (11 to 24 C) were characterized. 
Aggregated data from both bioreactor systems were subjected to uncertainty modeling using 
Oracle Crystal Ball (Monte Carlo Analysis) to increase confidence in results and to determine 
the energy generating potential from five different CHP technologies. Results suggest that 
multiple-compartment anaerobic reactors produced methane-rich biogas with an energy content 
of 2.0 kWh kg-1 chemical oxygen demand (COD) removed, which is 52% of the maximum 
chemical energy available in COD. Observed CH4 production exceeded calculated theoretical 
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CH4 production from biodegradable COD removal, likely due to the long-term degradation of 
organics and settled solids in the sludge blankets. Modeled scenarios suggest that energy 
generated from several CHP technologies with heat recovery (i.e., effective electrical energy) is 
sufficient to power conventional activated sludge systems coupled to multiple-compartment 
anaerobic bioreactors for primary wastewater treatment. A modeled future scenario where 
dissolved methane (dCH4) is recovered for energy generation further suggests that dCH4 
capture is imperative for additional energy generation and reduction of greenhouse gas 
emissions. COD mass balances suggest that using multiple-compartment anaerobic reactors as 
biologically enhanced primary treatment will increase COD going to electrical energy from 12% 
to 21%. Results from this study suggest that multiple-compartment anaerobic bioreactors, such 
as ABRs, can replace conventional primary treatment to enhance energy generating potential at 
wastewater reclamation facilities. 
 
3.2. Introduction 
Medium-strength domestic wastewater has a maximum potential chemical energy of 
1.80 kWh m-3 (tCOD = 430 mg L-1 and NH4+-N = 40 mg L-1). The majority of chemical energy 
potential is found in the organics, i.e., the chemical oxygen demand (COD) (1.49 kWh m -3). If 
harnessed, the maximum energy potential of wastewater is three to six times the energy 
required for wastewater treatment using conventional technologies (e.g., conventional activated 
sludge) (Heidrich et al., 2011; Tchobanoglous et al., 2003). In practice, however, the transport 
and treatment of domestic wastewater is very energy-intensive, accounting for approximately 
3% of the U.S. electrical energy supply (U.S. EPA, 2006), a proportion similar to that in other 
countries (Curtis, 2010). Conventional activated sludge (CAS), the most commonly employed 
wastewater treatment approach, requires 0.3 to 0.6 kWh per m3 wastewater treated (McCarty et 
al., 2011). Approximately one-half of the energy demand for CAS comes from aeration (U.S. 
EPA, 2008; U.S.EPA, 2013).  
Potential energy-generating alternatives to the energy-intensive aerobic wastewater 
treatment paradigm center on anaerobic bioreactors. Anaerobic bioreactor technologies 
generate methane-rich biogas from the degradation of organics such as fats, carbohydrates, 
and proteins commonly found in domestic wastewater via hydrolysis, acidogenesis, 
acetogenesis, and methanogenesis. While anaerobic digestion of wastewater sludge (i.e., 
primary sludge and waste activated sludge) is a common method for sludge treatment (Tarallo 
et al., 2015), mainstream anaerobic treatment of domestic wastewater is the focus of several 
current research efforts. Bioreactor systems such as the anaerobic membrane bioreactor 
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(AnMBR) have demonstrated the ability to achieve discharge standards for wastewater organics 
and suspended solids set by the U.S. EPA (30 mg L-1 for 5-day biochemical oxygen demand 
(BOD5) and total suspended solids (TSS)); however, AnMBRs currently use more energy than 
can be recovered from the methane (CH4) they generate (Smith et al., 2014). Anaerobic sludge 
blanket processes, such as the upflow anaerobic sludge blanket (UASB) or the anaerobic 
baffled reactor (ABR) require no energy input, but currently fail to meet wastewater discharge 
standards (Barber & Stuckey, 1999; Foresti, 2002), suggesting that such technologies may be 
best employed as biologically enhanced primary wastewater treatment. Shoener et al. (2014) 
compared the energy-generating potential of several anaerobic technologies, including ABRs, 
UASBs, AnMBRs, microbial fuel cells, anaerobic fluidized bed reactors, and anaerobic 
sequencing batch reactors, and found that the ABR had the greatest potential energy recovery 
efficiency (47.5  4.5% recovery from degraded COD, or 2.0 kWh kg-1 COD degraded). 
However, the four ABRs that Shoener et al. (2014) examined did not treat raw domestic 
wastewater under low temperatures commonly observed (i.e., < 25 C), indicating that further 
characterization of the energy-generating potential of multiple-compartment anaerobic 
bioreactors, such as the ABR, is required.   
The objective of this study was therefore to examine the generation of CH4 and the 
energy generating potential of two pilot-scale multiple-compartment anaerobic bioreactors 
operated over long timescales (cumulatively > 2400 days) under cooler temperatures (11-24 C) 
and organic loading. Observed CH4 generation was compared to the theoretical maximum 
generation of CH4 from biodegradable COD removal in the reactor systems. To increase 
confidence in the measured values for future full-scale anaerobic primary wastewater treatment 
applications, uncertainty modeling of COD removal, methane generation, and potential energy 
generation using several combined heat and power (CHP) technologies was employed using 
Oracle Crystal Ball and Monte Carlo simulation.  
 
3.3. Materials & Methods 
 This section describes the anaerobic reactor configurations in section 3.3.1, data 
collection and analyses in section 3.3.2, energy-related calculations in section 3.3.3., and 
uncertainty analyses in section 3.3.4. 
3.3.1. Anaerobic reactor configurations 
Schematics for the two multiple-compartment anaerobic bioreactors examined in this 
study are shown in Figure B.1. ABR 1 (Figure B.1.A) was a four-compartment ABR that 
consisted of four equal-sized rectangular compartments (0.46 m wide/long and 1.22 m tall). The 
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hydraulic volume of ABR 1 was held constant at 869 liters; however, the hydraulic retention time 
(HRT) was modified from 12 hours to 24 hours after 1357 days of operation to evaluate the 
impact on substrate removal and CH4 generation. ABR 1 was characterized for 1740 total days 
during this study. The second bioreactor, henceforth called ABR 2 (Figure B.1.B), was operated 
as a three-compartment ABR with equal-sized cylindrical compartments (0.15 m radius and 3.66 
m tall) for 390 days prior to the addition of a fourth cylindrical compartment (0.15 m radius and 
1.22 m tall) that contained media for biofilm growth (i.e., an anaerobic fixed film reactor (AFFR)). 
The ABR-AFFR (i.e., ABR 2) was characterized for a total of 720 days during this study. The 
total hydraulic volume of the first three compartments of ABR 2 was 720 liters, which increased 
to 810 liters when the AFFR was added. Correspondingly, the HRT for the ABR portion of ABR 
2 was 24 hours, which increased to 27 hours when the AFFR was added.  
Both reactors had the same hydraulic flow pattern based on a baffled design (Bachmann 
et al., 1985; Grobicki & Stuckey, 1991). In each reactor, raw, unheated wastewater was treated 
as it flowed sequentially through a series of four spatially separated reactor compartments. 
Each reactor compartment contained a downcomer pipe that routed influent wastewater from 
the feed tank or the previous compartment to the bottom of the compartment beneath the 
sludge blanket. Wastewater then flowed upward through the sludge blanket into a clarified zone. 
Wastewater exited each reactor compartment through an effluent pipe located at the top of each 
compartment, but below the water surface. For ABR 2, each compartment contained a gas-
liquid-solid separator that was located above the sludge bed, but below the water surface. The 
separators were installed after 118 days of operation in ABR 2 as biogas-induced lifting of the 
sludge bed was observed. Gas-liquid-solid separators were not required in ABR 1. For the 
AFFR in ABR 2, media for biofilm growth was held in the upper portion of the reactor 
compartment by the gas-liquid-solid separator. Further reactor description is provided in 
Appendix B Section B.1.1. Influent wastewater characteristics for each ABR, as each was 
operated in a different location, are summarized in Section B.1.2.  
3.3.2. Data collection and analyses  
Measurements collected from both ABRs included temperature, pH, TSS, volatile 
suspended solids (VSS), total COD (tCOD), dissolved COD (dCOD), particulate COD (pCOD), 
BOD5, alkalinity, biogas production, biogas composition (CH4 and CO2), and dissolved CH4 
(dCH4). Continuously monitored parameters included temperature and pH for both reactor 
systems. Grab samples were collected weekly from the influent and effluent of each reactor 
compartment for TSS, VSS, tCOD, dCOD, pCOD, BOD5, and alkalinity. Grab samples were 
collected periodically (at least twice monthly) for biogas production, biogas composition, and 
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dCH4. In total, biogas production and dCH4 were simultaneously taken on 82 occasions and 
were used for analysis. COD measurements used for calculation of theoretical CH4 production 
were taken on 450 occasions.  
Analyses for TSS, VSS, tCOD, dCOD, pCOD, BOD5, and alkalinity were conducted 
according to Standard Methods (APHA, 2005). Specific methods used are listed in Section 
B.1.3. For ABR 1, pH values were collected with Broadly James pH ProcessProbes and 
temperature was monitored and logged with submersible HOBO Temp Pro V2 temperature 
logger. For ABR 2, pH was measured with Cole-Parmer pH electrodes (100 Ohm Pt RTD, EW-
27003-23). Temperature was measured with LabJack EI-1034 probes. Biogas flowrate in ABR 1 
was measured using Cole Parmer 0 to 500 SSCM gas flow meters. Biogas flowrate in ABR 2 
was measured using an Agilent Digital Flow Meter (Optiflow 520). For ABR 1, methods for 
biogas composition and dCH4 sampling during the first 900 days of operation are described in 
Hahn & Figueroa (2015). Biogas composition was measured using a Shimadzu GC-17A or a 
Shimadzu GC-8A with TCD detectors and a HayeSep Q 80/100 column with UHP helium carrier 
gas at 30 mL min-1. For measurements taken after day 900 of ABR 1’s operation and for all ABR 
2 measurements, biogas composition was determined on a Hewlett Packard 6890 with Agilent 
5973 Mass Selective Detector GC-MS with an Agilent 113-3133 GS-Carbonplot capillary 
column at max temperature of 360˚C, flowrate of 1.2 mL min-1, and helium carrier gas. For ABR 
2, dCH4 was analyzed according to the method described in Pfluger et al. (2011) with minor 
modification (described in Section B.1.4).  
3.3.3. Energy-related calculations  
The biodegradable fraction of COD (bCOD) is degraded in anaerobic systems to create 
CO2 and CH4. A theoretical maximum volume of CH4 for any given quantity of bCOD removed 
can be calculated using the relationship 0.35 m3 CH4 per kg of BODL (i.e., bCOD) removed at 
STP, which is derived using the ideal gas law and stoichiometry. This relationship is modified at 
temperatures and pressures other than STP. Theoretical CH4 production for reactors in this 
study occurred at a lower atmospheric pressure (0.83 atm) and under variable air temperatures 
(ABR 1 ranged from 283 to 299K; ABR 2 ranged from 282 to 301K). Using the ideal gas law, the 
calculated range of theoretical CH4 production in this study therefore varied from 0.43 to 0.47 m3 
CH4 per kg BODL removed. To determine bCOD removal, measurements of tCOD and BOD5 
were first used to determine the tCOD-to-BOD5 ratio for each reactor system. The bCOD for 
each tCOD measurement was then calculated using the observed tCOD-to-BOD5 ratio and the 
relationship 0.68 bCOD = BOD5 (Tchobanoglous et al., 2003). Using this approach, theoretical 
CH4 production was calculated from all tCOD measurements.  
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McCarty et al. (2011) state that approximately 20% of biodegradable energy potential 
may be lost in the wastewater treatment process. Specifically, around 8% of energy potential is 
lost when higher energy organics (e.g., carbohydrates) are converted to CH4 (a lower energy 
organic). A further 7% of energy potential is lost during anaerobic cell synthesis, while another 
5% may be lost in the inefficiency of wastewater treatment itself. Such losses should be 
accounted for when determining the theoretical CH4 production of an anaerobic system. In this 
study, decreases in energy-generating potential due to such losses are accounted for in 
uncertainty analyses.       
The energy content of CH4 was calculated using the factor 0.222 kWh mol-1 CH4 (Kim et 
al., 2011; Shoener et al., 2014). Electrical energy conversion efficiency is dependent on the 
CHP technology used and ranges from as low as 5% recovery for some steam engines to as 
high as 63% recovery for some fuel cells (U.S. EPA, 2017). Recovery of additional electrical 
energy from the conversion of heat, i.e., the effective electrical efficiency, can increase energy 
recovery efficiency to as high as 80% for reciprocating engines and fuel cells (U.S. EPA, 2017). 
The range of electrical energy conversion efficiency for each CHP technology used in the 
uncertainty analysis is provided in Table B1.A. 
3.3.4. Uncertainty analyses 
To address uncertainty in pilot-scale ABR data, measurements from both ABR reactors 
were subjected to uncertainty analysis in Oracle Crystal Ball (release 11.1.2.4.850) using Monte 
Carlo analysis (50,000 simulations). To increase confidence in measurements for organic 
removal and CH4 generation, performance data from both reactor systems were normalized to 
m3 wastewater treated (e.g., g COD removed per m3 wastewater treated), aggregated, and 
analyzed over 60 forecast periods in Oracle’s Crystal Ball Predictor. The probable low-end, 
baseline, and high-end values were then incorporated into the uncertainty analysis. Uncertainty 
parameters for organic removal, theoretical CH4 generation, and observed CH4 generation are 
listed in Table 3.1. Uncertainty parameters for energy recovery from CHP and energy use in 
other wastewater treatment processes for comparison (e.g., CAS) are listed in Table B.1. As 
both organic removal and CH4 generation were impacted by temperature, uncertainty 
parameters were subset into a cold weather condition (15  3 C) and a warm weather condition 
(21  3 C) prior to Monte Carlo simulations. Last, as dCH4 recovery for energy generation is not 
currently feasible above bench-scale (Chen & Smith, 2018), a current scenario (i.e., 0% 
recovery) and future scenario (0 to 100% recovery, uniform distribution) were constructed. For 
all data, a triangular probability distribution was assumed when low-end, baseline, and high-end  
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Table 3.1. Uncertainty parameters for Monte Carlo Analysis. Theoretical and observed values were aggregated across reactor systems 
over two wastewater temperature ranges: warm (21  3 C) and cold (15  3 C).    
 
(A) Organic Removal and Theoretical Methane Generation Values 
 
Uncertainty Parameter          Units       Distribution         Temperature Baseline Value         Low Value   High Value  
 
g tCOD removed d-1         g tCOD d-1       Triangular         Warm   393.5         107.4   679.6 
                        Cold   329.2         36.2   622.2 
 
% COD removal        %    Triangular         Warm   57         47    66 
                Cold   51         42    61 
 
g tCOD removed m-3 WW     g tCOD m-3        Triangular         Warm   419.8         97.5   742.2 
                        Cold   355.9         29.7   682.0 
 
tCOD-to-BOD5 ratio        g tCOD g-1 BOD5  Triangular         Warm   2.73         2.19   3.27 
        Cold   2.47         2.02   2.92 
 
L CH4 g-1 COD removed        L CH4 g-1 COD  Triangular         Warm   0.46         0.45   0.47 
                Cold   0.45         0.44   0.46 
 
Organic to CH4 conversion    Efficiency (%)  Uniform         Warm/Cold  81         81    95 
 
Air Temperature         K    Triangular         Warm   295.4         292.6   298.2 
                Cold   288.4         285.2   291.7 
 
Dissolved CH4 Recovery       %   Uniform          Warm/Cold 0         0    100 
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Table 3.1. Continued. 
 
(B) Observed Methane Generation Values from Crystal Ball Predictor 
 
Uncertainty Parameter          Units       Distribution         Temperature Baseline Value         Low Value   High Value  
 
Gas CH4 per m3 WW        L m-3 WW  Triangular         Warm  85.6         66.0   105.3 
                Cold  72.0         42.6   101.3 
 
Dissolved CH4 per m3 WW    L m-3 WW  Triangular         Warm  38.5         26.9   50.1 
                Cold  31.8         15.7   47.9 
 
Total CH4 per m3 WW        L m-3 WW  Triangular         Warm  124.5         95.9   153.0 
                Cold  103.8         59.4   148.2 
 
Energy from CH4 Gas        kWh m-3 WW Triangular         Warm  0.64         0.49   0.78 
                Cold  0.53         0.32   0.75 
 
Energy Potential (Gas &       kWh m-3 WW Triangular         Warm  0.93         0.71  1.15 
       Dissolved)               Cold  0.77         0.44  1.09 
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values were available. When only two data points were available, i.e., a low-end and high-end 
value, a uniform probability distribution was assumed.      
 
3.4. Results & Discussion  
 This section describes a comparison of observed organic removal and methane 
generation to other sludge blanket bioreactor studies in section 3.4.1, compares theoretical and 
observed methane production in section 3.4.2, examined modeled energy production from CHP 
technologies in section 3.4.3, discusses implications for integration of anaerobic primary 
treatment using ABRs into WWRFs in section 3.4.4, and describes the path forward for 
anaerobic treatment using ABRs in section 3.4.5.     
3.4.1. Comparison of observed organic removal and methane generation to other sludge 
blanket bioreactor studies 
Table 3.2 summarizes a comparison of ABR operating conditions (HRT, temperature, 
water volume, length of study), tCOD removal (%), and CH4 generation (L) per g tCOD 
removed. Table 3.3 provides a comparison between observed and theoretical CH4 generation, 
as well as projected energy generation (kWh m-3 wastewater treated), and energy recovery 
efficiency (kWh kg-1 tCOD removed). COD removal varied from 43% to 72% in ABRs 1 and 2 
depending on the operating condition; however, observed CH4 production (L) per g tCOD 
removed was less variable, with mean values ranging from 0.31 to 0.40 L CH4 g-1 tCOD. These 
results are higher than reported values for UASB and UASB variants treating  1 m3 of raw 
domestic wastewater under temperatures  20 C, which have been reported to range from 0.03 
to 0.25 L CH4 g-1 tCOD removed (Álvarez et al., 2008; Álvarez et al., 2006; Álvarez et al., 2003; 
Barros et al., 2008; Bogte et al., 1993; Halalsheh et al., 2005, Vieira et al. 1992). Results from 
this study are also higher than the bench-scale ABR studies examined in Shoener et al. (2014), 
which reported a range of 0.04 to 0.23 L CH4 g-1 tCOD removed at temperatures of 30 to 35 C 
(Table 3.2). The increase in observed CH4 production per g tCOD removed is likely attributable 
to the long solids retention time (SRT) observed in the pilot-scale ABRs. Purposeful solids 
wasting was not required in either ABR, which decoupled SRT from HRT and allowed for 
increased removal of particulate organic matter and settled solids via hydrolysis in the sludge 
bed over time. This long-term hydrolysis likely supported the generation of additional CH4 
relative to the bench-scale ABRs examined in Shoener et al. (2014), which contained 
substantially reduced sludge bed volumes and may not have experienced this phenomenon.   
The theoretical energy potential in typical domestic wastewater has been estimated 
using bomb calorimeters to range from 4.1 kWh kg-1 COD (Shizas & Bagley, 2004) to 4.9 kWh 
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kg-1 COD (Heidrich et al., 2011); however, each study had an apparent methological issue. The 
tCOD concentration of raw wastewater reported in Shizas & Bagley (2004) (431  8 mg COD 
L-1) is low relative to the expected tCOD value based on reported TOC (73.2  1.5 mg TOC L-1) 
and VS (242  15 mg VS L-1), suggesting that the organic content in the wastewater was 
underestimated. An understimation of wastewater organics leads to an overestimation of the 
energy content in the wastewater; i.e., the energy content should be less than 4.1 kWh kg-1 
COD. Heidrich et al. (2011) erroneously included the energy value of ammonia in the measured 
energy value normalized to COD, thereby overestimating the energy content from COD. Energy 
content of COD alone has been recorded as 3.86 kWh kg-1 COD (Tchobanoglous et al., 2003) 
based on the higher heat value, and 3.47 kWh kg-1 COD (Kim et al., 2011) based on the lower 
(or net) heat value. The mean potential energy production, measured in kWh per kg COD 
removed, between reactors and under varying operational conditions was 2.0  1.2, which 
equates to 52  29% energy recovery efficiency (compared to theoretical energy potential from 
COD removal, 3.47 kWh kg-1 COD) (Table 3.3). Despite some variation between reactors, no 
statistically significant difference was observed. The observed energy recovery efficiency from 
COD degradation in this study (52  29%) and the mean potential energy production (2.0  1.2 
kWh kg-1 COD removed) are similar to the values determined by Shoener et al. (2014) (57.6% 
efficiency; 2.0 kWh kg-1 COD), despite the differences in ABR operating conditions. Shoener et 
al. (2014) examined bench-scale reactors (10 – 20 liters) operated under wastewater 
temperatures higher than those commonly observed at wastewater treatment facilities (30 – 35 
C) using wastewaters that are not representative of raw domestic wastewater (i.e., high-
strength swine wastewater or low-strength synthetic wastewater) (Table 3.2).  
3.4.2. Comparison of theoretical and observed methane generation 
Both examined ABRs treated differing volumes of wastewater, therefore, CH4 production 
was normalized to m3 of wastewater treated for comparison (Table 3.3). Calculated theoretical 
CH4 production from bCOD removal is shown in Table 3.3.A. Theoretical CH4 production is most 
accurately compared to total observed CH4 production, which is the sum of observed gaseous 
and dissolved CH4. Values for both observed total and gaseous CH4 production (L CH4 d-1 and L 
CH4 m-3 WW treated) are displayed separately in Table 3.3.B. Measured effluent dCH4 
concentrations ranged from 21  5 mg L-1 (ABR 1, 24h HRT) to 42  14 mg L-1 (ABR 1, 12h 
HRT), which equated to 39  10% to 52  17% of total observed CH4 generated (Table B.2). 
dCH4 is accounted for in total CH4 production and is not separately listed in Table 3.3.  
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Mean observed CH4 production (115  47 L CH4 m-3 wastewater treated) was closer to 
theoretical CH4 production when loss of biodegradable energy potential was not included in the 
calculation (98  83 L CH4 m-3 wastewater treated). As some loss of energy potential invariably 
occurs, due to factors such as cell synthesis and the degradation of high-energy organics to 
CH4, long-term hydrolysis of particulate COD and settled solids in the sludge blanket of each 
ABR compartment is the most likely explanation for increased observed CH4 generation. CH4 
generation from long-term degradation, which is not tied directly to wastewater flowrate, can 
increase the observed ratio of CH4 produced per mass of tCOD removed in baffled anaerobic 
bioreactors (Hahn & Figueroa, 2015; Pfluger et al., 2018). Calculated CH4 from bCOD removal, 
however, is tied to wastewater flowrate (i.e., mass bCOD removed per volume of wastewater 
treated) at a discrete point in time and therefore does not include CH4 generated from 
degradation of accumulated settled solids. An examination of ABR 1 before and after a change 
in HRT also suggests this phenomenon. When the wastewater flowrate to ABR 1 was reduced 
from 1738 L d-1 to 869 L d-1 after 1357 days of operation, the influent organic loading was 
reduced by approximately half; however, ABR 1 produced almost the same volume of CH4, only 
decreasing from 164  39 L CH4 d-1 to 151  28 L CH4 d-1. The theoretical CH4 production from 
bCOD removal (not accounting for losses) after the flowrate reduction was much less, 110  56 
L CH4 m-3 wastewater treated, suggesting that CH4 was generated from a source other than 
bCOD immediately removed from the influent wastewater.  
Figure 3.1 compares observed total CH4 production (L) per m3 of wastewater treated in 
ABRs 1 and 2 and wastewater temperature (C). A weak but statistically significant relationship 
was observed (R2 = 0.193, p-value < 0.001). As expected, CH4 production increased at higher 
wastewater temperatures. For comparison, 95% confidence intervals for theoretical CH4 
production from biodegradable COD removal for each 2 C wastewater increment are depicted. 
As indicated by the linear regression line, observed CH4 production was most similar to the 
upper bound of the 95% confidence interval and for some temperatures exceeded the value. 
This result is more clearly observed at higher wastewater temperatures (20-24 C). This result 
again suggests that theoretical CH4 generation calculated from bCOD removal observed at 
discrete points in time may not accurately predict observed CH4 generation. This phenomenon 
should be accounted for when creating predictive models or conducting mass balance analyses 
on multiple-compartment anaerobic bioreactors. 
 43  
 
 
Figure 3.1. Observed total (i.e., gaseous and dissolved) CH4 production (L) m-3 of wastewater treated (n = 82 measurements) vs. 
wastewater temperature. A weak but statistically significant relationship was observed. 95% confidence intervals (CI) of theoretical 
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Table 3.2. Characteristics and operational parameters for multiple-compartment anaerobic reactors considered in this study. 
Characteristics are compared to the four reactors considered in Shoener et al. (2014) in the lower portion of the table.  
 
Reactor    Substrate Configuration  HRT (h)   Temperature (C) Volume (L)     Study Length (d) tCOD Removal (%)      L CH4 g-1 tCOD 
 
ABR 1    Raw DWW 4-compart. 12       12-23   869            1357   43  13  0.31  0.19 
 
ABR 1    Raw DWW 4-compart. 24       12-23   869            383    72  8   0.34  0.09 
 
ABR 2     Raw DWW 3-compart. 24       11-24   720            390    43  20  0.31  0.29 
  
ABR 2    Raw DWW 4-compart. 27       11-24   810            330    54  15  0.40  0.24 
 
 
Comparison to studies examined in Shoener et al. (2014) 
 
Study Substrate Configuration       HRT     Temperature (C) Volume (L)      Study Length (d)    tCOD Removal (%) L CH4 g-1 tCOD 
 
1 Swine WW  Horizontal Baffled   2.5 d         30  1  20       ~180         75    0.17  
 Supernatant (6 total) 
 
2 Whole Swine 2 Chamber       15 d          35  15      ~300         69   0.04  
 Wastewater 
 
3 Whole Swine 3 Chamber       15 d          35  15      ~300         62   0.04 
 Wastewater 
 
4 Low Strength Hanging baffles       6-20 h       30a  10       592        >90   0.18 - 0.23b 
 Synthetic WW (45) 
 
 
Studies: (1) Yang & Moengangongo (1987); (2) & (3) Boopathy & Sievers (1991); (4) Gopala Krishna et al. (2008) 
  
a Study reported that the reactor was housed in a chamber held at a constant temperature of 30 C, but that the influent wastewater was between 
20 and 32 C 
b CH4 production per g COD removed varied with HRT.  
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Table 3.3. Theoretical and observed methane production in the anaerobic reactors examined in this study.  
 
(A) Theoretical total methane and energy production calculated from biodegradable COD removal (mean values  standard deviation). 
Maximum calculated values are compared to values accounting for 20% loss in chemical energy potential as suggested by McCarty et 
al. (2011).   
 
Reactor  HRT (h)   L CH4 d-1 L CH4 d-1 L CH4 m-3  L CH4 m-3 kWh m-3  kWh m-3 
      (no loss) (20% loss) WW treated WW treated  WW treated WW treated  
       (no loss) (20% loss) (no loss) (20% loss)  
 
ABR 1  12     139  81 112  65 80  47  65  38  0.6  0.4 0.5  0.3    
 
ABR 1  24     110  56 89  46  128  65 103  53 0.9  0.5 0.8  0.4     
 
ABR 2  24     74  86 60  69  103  119 84  96  0.8  0.9 0.6  0.7  
 
ABR 2  27     68  72 55  58  94  100 76  81  0.7  0.7 0.6  0.6 
 
All reactors N/A    105  81 85  66  98  83  79  67  0.7  0.6 0.6  0.5   
 
 
(B) Observed methane production (total and gas), projected energy generation, and projected energy recovery efficiency, over the 
course of each study period (mean values  standard deviation). Total CH4 is defined as the sum of gaseous and dissolved CH4. 
 
Reactor  HRT     L CH4 d-1 L CH4 m-3  kWh m-3 L CH4 d-1      L CH4 m-3       kWh m-3    kWh kg-1        Energy recovery  
       (Total) WW treated WW treated (Gas)         WW treated     WW treated    tCOD             efficiency (%) 
     (Total)  (Total)          (Gas)       (Gas)    removed        (COD removal) 
 
ABR 1  12 h     164  39 95  23  0.7  0.2 118  28       68  16       0.5  0.1      2.4  1.4         57  31 
 
ABR 1  24 h     151  28 175  32 1.3  0.2 100  18       116  20       0.9  0.2     1.5  0.4         40  11  
 
ABR 2  24 h     76  34 106  47 0.8  0.4 54  24         75  34            0.6  0.3     1.4  1.3  36  33 
 
ABR 2  27 h      83  23 115  33 0.9  0.3 59  18         82  24            0.6  0.2          2.5  1.2         64  32 
 
All reactors N/A     109  52 115  47 0.9  0.4 76  36         80  31       0.6  0.2          2.0  1.2         52  29  
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3.4.3. Modeled energy generation from combined heat and power technologies 
Figure 3.2 depicts results of uncertainty modeling (50,000 Monte Carlo simulations) for 
energy potential from CH4 production (kWh m-3 wastewater treated) in ABRs over a range of 
wastewater temperatures. Results are subset into four categories: energy potential from 
gaseous CH4 production under warm and cold wastewater temperatures, and energy potential 
from total CH4 production (i.e., gaseous and dCH4) under warm and cold wastewater 
temperatures. Energy recovery from total CH4 production represents a future scenario as full-
scale dCH4 recovery schemes are not currently viable. Future dCH4 recovery, therefore, was 
modeled using a uniform distribution ranging from 0 to 100% recovery (Table 3.1). All modeled 
values (total of 200,000) are displayed in Figure 3.2, which shows the variation in potential 
energy production at any given wastewater temperature. Modeled potential energy from 
gaseous CH4 increased from a minimum value of 0.32 kWh m-3 (32 occurrences, temperature 
range = 11.1 to 16.7 C) to a maximum value of 0.78 kWh m-3 (65 occurrences, temperature 
range = 19.6 to 24.4 C). Similarly, the modeled total potential energy increases from a 
minimum value of 0.44 kWh m-3 (3 occurrences, temperature range = 12.1 to 14.6 C) to a 
maximum value of 1.15 kWh m-3 (14 occurrences, temperature range = 20.0 to 23.9 C). These 
results suggest that seasonal variations in wastewater temperature will impact potential energy 
production; however, the extent of the variation in modeled potential energy under varying 
temperatures will likely decrease as future studies provide increased data points for modeling.  
Modeled energy potential from ABR-generated CH4 represents maximum available 
energy. CHP technologies, however, are not 100% efficient and losses are observed in the 
electricity generation process. The U.S. EPA’s Combined Heat and Power Partnership (U.S. 
EPA, 2017) provides a range of recovery efficiencies, including electrical energy efficiency and 
effective electrical efficiency, which accounts for additional electrical energy recovered from 
produced heat, for commonly used CHP technologies. This study uses uncertainty analysis to 
examine the electrical energy efficiency and effective electrical energy efficiencies for five CHP 
technologies: reciprocating engine, steam turbine, gas turbine, microturbine, and fuel cells. The 
range of electrical energy efficiency and effective electrical energy efficiencies used for 
uncertainty analysis for each CHP technology are listed in Table B.1.A. Figure 3.3 depicts 
electrical energy generation potential from each CHP technology from the uncertainty analysis 
for warm and cold wastewater temperatures. Both the modeled current scenario (no dCH4 
recovery) and future scenarios where dCH4 is recovered for energy generation are shown. 
Figure 3.3 also compares CHP electrical energy generation potential to the typical range of CAS 
energy use (i.e., 0.3 – 0.6 kWh m-3 wastewater treated). As shown, the fuel cell has the highest 
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current electrical energy recovery from modeled ABR gaseous CH4 production. Under both 
warm and cold temperatures, electrical energy generated from the fuel cell approaches the 
lower range of CAS energy use. Considering effective electrical efficiency, however, 
reciprocating and steam engines have the highest potential electrical energy generation and are 
capable of generating enough electrical energy to power many CAS scenarios. Considering a 
future scenario where dCH4 is recovered, the reciprocating engine and the steam engine may 
produce enough effective electrical energy to power even the most energy intensive CAS 
scenario.  
The choice of which CHP technology to implement usually depends on factors beyond 
electrical or heat energy generating capability. Costs, wastewater flowrate, biogas treatment 
requirements, physical space, and maintenance requirements are additional considerations for 
WWRFs (U.S. EPA, 2017; Willis et al., 2012). Microturbines, for example, provide relatively low 
electrical energy recovery, but may be more applicable for WWRFs treating lower wastewater 
flowrates (Electric Power Research Institute, 2013). Reciprocating engines are the most widely 
installed CHP technology in the U.S. today and are located at 51.9% of CHP sites. The gas 
turbine, however, generates more electrical capacity (53,320 MW or 64%), despite being at only 
15.8% of CHP locations. Fuel cells, which have the highest electrical efficiency (up to 63%), are 
still an emerging technology and are currently employed at only 2.9% of CHP locations and 
account for approximately 0.1% of CHP capacity in the U.S. (U.S. EPA, 2017)  
3.4.4. Implications for integration of anaerobic primary treatment using ABRs into WWRFs 
The current wastewater treatment paradigm centers on aerobic degradation of organics 
using technologies such as CAS (Tchobanoglous et al., 2003). In the near term, multiple-
compartment anaerobic reactor systems for mainstream treatment of domestic wastewater can 
replace conventional primary treatment technologies, such as primary clarification. Conventional 
primary treatment typically removes 25 – 35% of BOD and 50 – 65% of TSS (WEF, 2007), 
which is less than ABRs, which remove 50 – 70% of organics (Table 3.2) and 70 – 80% of TSS 
(Hahn & Figueroa, 2015; Pfluger et al., 2018). The additional removal of organics and 
suspended solids from anaerobic primary treatment using ABRs will reduce organic and 
suspended solids loading for downstream activated sludge treatment, which will reduce required 
energy use for aeration. While aeration for CAS and associated energy requirements can vary 
between WWRF, energy consumption in a typical CAS process with medium strength 
wastewater (i.e., 430 mg COD L-1) can be estimated as 1.0 kWh electrical input per kg COD 
removed (Wan, Gu, Zhao, & Liu, 2016). Using this approximation and typical values for organic 
removal in conventional primary treatment (25 – 35%) and observed organic removal in ABRs 
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examined in this study (Table 3.1), results from uncertainty analysis suggest a decrease in CAS 
energy use of approximately 30% when ABRs are used as primary treatment. More specifically, 
modeled energy use in CAS (i.e., from uncertainty analysis; Table B.1) after conventional 
primary treatment was 0.47  0.11 kWh m-3 wastewater treated, while energy use in CAS after 
anaerobic primary using ABRs was 0.29  0.07 kWh m-3 under warm wastewater temperatures 
and 0.33  0.08 kWh m-3 under cold wastewater temperatures. This result suggests that 
anaerobic primary treatment using ABRs would not only generate CH4 for electrical energy 
production but would substantially decrease electrical energy requirements for CAS.  
Given no apparent requirement to waste ABR sludge, the requirement to digest and 
stabilize sludge normally removed by conventional primary treatment would be eliminated. The 
reduced organic loading to CAS would also likely result in a reduced volume of waste activated 
sludge produced. Follow-on sludge digestion and stabilization requirements in a WWRF 
employing anaerobic primary treatment could, therefore, be substantially reduced. Reduction in 
sludge processing requirements would likely further result in a reduced facility physical footprint 
and additional reduction in energy use from sludge processing equipment, such as sludge 
dewatering and thickening. While additional analysis outside the scope of this study is required 
to quantify these reductions (e.g., lifecycle and/or techno-economic based analyses), Figure 3.4 
provides a comparative COD mass balance between a typical WWRF with conventional primary 
treatment and CAS and a WWRF with anaerobic primary treatment using ABRs with CAS. As 
shown in Figure 3.4.A, approximately 35% of COD from the influent wastewater goes to CHP 
post anaerobic digestion, of which approximately 12% is recovered as electrical energy. An 
additional 25% of influent COD goes to follow-on solids management processes after anaerobic 
digestion. In comparison, approximately 62% of the influent COD goes to CHP when anaerobic 
primary treatment and anaerobic digestion of waste activated sludge are employed, of which 
approximately 21% is converted to electrical energy via CHP. Further, only 20% of the influent 
COD goes to anaerobic sludge digestion, suggesting that the digester capacity could be 
reduced by approximately one-third, and only 8% of COD goes to follow-on solids management 
processes after anaerobic digestion (Figure 3.4.B).    
3.4.5. Path forward for anaerobic primary treatment using ABRs 
While anaerobic primary treatment using ABRs is a promising energy-generating 
technology, further research is required prior to widespread implementation of full-scale systems. 
First, pilot-or full-scale anaerobic demonstrations coupled with aerobic secondary treatment, i.e., 
conventional activated sludge, need to be constructed and COD removal and CH4 production 
further characterized. More promising than ABRs coupled with CAS is a treatment configuration 
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Figure 3.2. Uncertainty modeling results (Monte Carlo analysis, 50,000 simulations (200,000 data points)) for energy potential from 
CH4 production (kWh m-3 wastewater treated) and wastewater temperature. Results for total energy recovered from gas and 
dissolved CH4 as well as from just gas CH4 production are depicted for comparison.
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Figure 3.3. Electrical energy generation potential from various CHP technologies using methane generated from the anaerobic 
treatment of domestic wastewater using multiple-compartment reactor systems. Values were generated from uncertainty analysis 
(50,000 Monte Carlo simulations) in Crystal Ball. The current scenario represents energy generation potential from observed 
gaseous methane production. The future scenario accounts for capture of dissolved methane and subsequent conversion to 
electrical energy. Error bars represent the 10th and 90th percentile from the uncertainty analysis. The cold weather condition was 
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coupling ABRs with a subsequent low-complexity anaerobic secondary treatment technology, 
such as an AFFR; however, further research is needed before full-scale low-complexity 
demonstrations anaerobic technologies are viable. Figure 3.4.C provides a generic COD mass 
balance for an ABR coupled to anaerobic secondary treatment process. Here, approximately 
80% of COD from the influent wastewater goes to CHP with 27% conversion to electrical 
energy. This paradigm more than doubles the COD converted to CH4 and the anticipated 




Figure 3.4. COD mass balances for: (a) conventional activated sludge with primary treatment 
(i.e., gravitational settling), anaerobic digestion, and CHP; (b) conventional activated sludge with 
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Figure 3.4. Continued. COD mass balance for: (c) anaerobic primary with an ABR coupled to an 
anaerobic secondary treatment process with CHP. COD mass balance for configuration (a) was 
adapted from Tchobanoglous et al. (2003) and Wan et al. (2016). COD mass balance for 
configurations (b) and (c) were adopted from observed COD removal in anaerobic primary, 
Tchobanoglous et al. (2003) and the performance of AnMBRs (Smith et al. 2012). Configuration 
(b) does not require two separate CHP processes; however, two are displayed for visual 
simplicity.  
 
Second, any paradigm centered on anaerobic treatment of wastewater for carbon 
removal and CH4 generation will require further treatment for the constituents of anaerobic 
effluents, which includes ammonia, phosphorus, hydrogen sulfide, and dCH4 (Delgado Vela et 
al., 2015). Aerobic secondary, e.g. CAS, with anoxic denitrification is a common method for 
removing nitrogen; however, this approach can be energy-intensive (Tarallo et al., 2015). 
Anoxic denitrification could, however, have the tangential benefit of using dCH4 as an electron 
acceptor for denitrification, thereby reducing CH4 volatilization to the atmosphere and reducing 
greenhouse gas emissions. Aerobic methanotrophic activity in an aerobic secondary process 
would also likely remove the majority of dCH4 prior to volatilization (Daelman et al., 2012; Smith 
et al., 2014; Waki et al., 2009). A possible low-energy solution that simultaneously removes 
carbon and nitrogen is partial nitritation coupled with denitrification and anammox; however, full-
scale demonstrations to date have been limited to sidestream treatment of anaerobic digester 
centrate (Lackner et al., 2014; Laureni et al., 2016). Several recent studies discuss approaches 
to biogenic and mechanical removal of dCH4 from anaerobic effluents (Chen & Smith, 2018; 
Hahn & Figueroa, 2015; Smith et al., 2012). Such approaches include biogenic capture with the 
downflow hanging sponge, membrane degasification, and dCH4 recovery for energy generation 
using microbial fuel cells (Chen & Smith, 2018; Cookney et al., 2016; Cookney et al., 2012; 
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been demonstrated to be energetically or economical viable at full-scale and none are ready for 
mainstream wastewater treatment. Recovery of dCH4 is imperative as volatilization to the 
atmosphere represents both a loss of energy and substantial increase in greenhouse gas 
emissions.  
Third, practical barriers to widespread implementation must be addressed. Willis et al. 
(2012) identified barriers to the beneficial use of biogas from anaerobic digestion of primary and 
waste activated sludge, which may be applicable to implementation of ABRs for anaerobic 
primary treatment with CHP. Identified barriers were mainly economic in nature (e.g., capital 
costs, operations and maintenance costs, limited availability of grants or loans), but technical, 
social, and regulatory barriers were also identified. While barriers are likely to vary by location, 
thorough study of each barrier category (i.e., economic, technical, social, and regulatory) will be 
required prior industry acceptance (see Appendix F).    
 
3.5. Conclusions 
Observed CH4 generation from two pilot-scale ABRs operating for more than 2400 total 
days indicates that reactors will produce between 0.31 and 0.40 g CH4 per g tCOD removed, 
which equates to potential energy production of 2.0  1.2 kWh per kg COD removed or 52  
29% energy recovery efficiency. Observed CH4 production exceeded theoretical maximum CH4 
production and was higher than values reported for pilot-scale or larger UASBs and bench-scale 
ABRs in other studies. Scenario modeling using Monte Carlo analysis suggests that energy 
generated from ABR gaseous CH4 via CHP with heat recovery is sufficient to power coupled 
CAS systems, but that capture of dCH4 is required to enhance energy generation. Results of 
this study suggest that use of ABRs as biologically enhanced primary treatment for CAS 
systems, or future complete anaerobic systems, is a viable wastewater treatment paradigm. 
Wastewater reclamation facilities should replace conventional primary treatment with multiple-
compartment anaerobic bioreactors to enhance onsite energy generating potential.   
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CHAPTER 4 
 
LIFECYCLE COMPARISON OF MAINSTREAM ANAEROBIC BAFFLED REACTOR AND 
CONVENTIONAL ACTIVATED SLUDGE SYSTEMS FOR DOMESTIC  
WASTEWATER TREATMENT 
 
9Manuscript submitted to Environmental Science & Technology 
 
Andrew Pfluger10, Jennie L. Callahan11, Jennifer Stokes-Draut12, Dotti F. Ramey13, Sonja 
Gagen14, Linda A. Figueroa15, Junko Munakata-Marr15 
 
4.1. Abstract 
The objective of this study was to evaluate the lifecycle impacts of anaerobic primary 
treatment of domestic wastewater using anaerobic baffled reactors (ABRs) coupled with aerobic 
secondary treatment relative to conventional wastewater and sludge/biosolids treatment 
systems through the application of wastewater treatment modeling and three lifecycle-based 
analyses: environmental lifecycle assessment, net energy balance, and lifecycle costing. Data 
from two pilot-scale ABRs operated under ambient wastewater temperatures were used to 
model the anaerobic primary treatment process. To address uncertain parameters in the scale-
up of pilot-scale anaerobic reactor data, uncertainty analysis and Monte Carlo simulation were 
employed. This study demonstrates that anaerobic primary treatment of domestic wastewater 
using ABRs can be incorporated with existing aerobic treatment strategies to reduce aeration 
demand, reduce sludge production, and increase energy generation. The net result of coupling 
                                                                 
9 Reproduced with permission from Environmental Science & Technology, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society.  
10 Graduate student and primary researcher 
11 Co-author assisted with environmental impacts analysis and modeling in SimaPro 
12 Co-author provided expert insight into LCA methods and approach 
13 Co-author provided expert insight into modeling anaerobic digestion and biosolids handling 
14 Co-author assisted with lifecycle cost modeling 
15 Co-advisor 
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anaerobic primary treatment with aerobic secondary treatment is a more favorable net energy 
balance, reduced environmental impacts in most examined categories, and lower lifecycle costs 
relative to conventional treatment configurations; however, the removal and/or capture of 
dissolved methane is required to reduce global warming impacts and increase on-site energy 
generation. With further study, anaerobic primary treatment can be a path forward for energy-
positive wastewater treatment. 
 
4.2. Introduction  
Current wastewater treatment practices are dominated by energy-intensive aerobic 
technologies, e.g., conventional activated sludge (Tarallo, 2014; Tarallo et al., 2015). Municipal 
wastewater treatment accounts for approximately 3% of U.S. electricity consumption (McCarty 
et al., 2011; U.S. EPA, 2006); the percentage of electricity used for wastewater treatment in 
other countries can vary from 3 to 5% (Curtis, 2010; Scherson & Criddle, 2014). Electricity costs 
can range from 25 to 40% of total wastewater treatment facility (WWTF) costs with aeration 
equipment typically accounting for approximately half of all electricity use (U.S. EPA, 2008; 
U.S.EPA, 2013; Young & Koopman, 1991). WWTFs, however, have the potential to be energy-
positive, i.e., generate more energy than they use, by recovering methane-rich biogas using 
technologies that take advantage of the metabolism of anaerobic microorganisms (McCarty et 
al., 2011; Sutton et al., 2011). Multiple-compartment anaerobic reactor configurations, such as 
the anaerobic baffled reactor (ABR), are promising energy-generating wastewater treatment 
technologies (Briones & Raskin, 2003; Hahn & Figueroa, 2015). Shoener et al. (2014) showed 
that the ABR was capable of recovering more energy (kJ per g chemical oxygen demand (COD) 
removed) than other available anaerobic technologies, such as the anaerobic membrane 
bioreactor (AnMBR) or the single-compartment upflow anaerobic sludge blanket (UASB).  
In addition to energy-generation from methane production, other potential advantages of 
the ABR for domestic wastewater treatment include minimal sludge production, reduced 
biosolids treatment requirements, lower operations and maintenance costs, decreased energy 
requirements, and reduced WWTF physical footprint requirements (Hahn & Figueroa, 2015). 
Despite the potential of multiple-compartment anaerobic reactors, ABRs operated at pilot- or 
full-scale under colder water temperatures (< 25 C) have not been shown to consistently 
achieved effluent discharge standards in developed nations, such as the U.S. Environmental 
Protection Agency’s Secondary Standards for biochemical oxygen demand (BOD) and total 
suspended solids (TSS) (30-day average of 30 mg L-1) (Barber & Stuckey, 1999; EPA, 2010; 
Hahn & Figueroa, 2015). Dissolved methane (dCH4) in the anaerobic reactor effluent is an 
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additional consideration, as uncontrolled methane volatilization to the atmosphere represents 
both lost energy and potent greenhouse gas emissions (IPCC, 2006). Further, the performance 
of ABRs varies substantially with temperature, as lower BOD and TSS removal efficiencies and 
decreased methane generation are observed at lower water temperatures (i.e., < 15 C) (Hahn 
& Figueroa, 2015; Barber & Stuckey, 1999). Therefore, ABRs, at present, are considered 
enhanced primary treatment for domestic wastewater and need to be coupled with a secondary 
treatment technology, such as activated sludge, to meet discharge standards (Chan et al., 2009; 
Chernicharo, 2006). 
To date, no study has examined multiple compartment anaerobic reactors for enhanced 
primary treatment of domestic wastewater from a systems perspective. As anaerobic 
wastewater treatment gains increasing attention, promising energy-generating technologies, 
such as the ABR for mainstream domestic wastewater treatment, require lifecycle-based 
analyses to evaluate their efficacy, benefits, and drawbacks compared to more conventional 
wastewater treatment systems. The objective of this study was to evaluate the efficacy of 
mainstream anaerobic primary treatment of domestic wastewater relative to conventional 
treatment configurations that include processes such as primary clarification, conventional 
activated sludge, anaerobic digestion, aerobic digestion, and combined heat and power using 
three lifecycle-based analyses: environmental lifecycle assessment (LCA), net energy balance, 
and lifecycle costing (LCC). 
 
4.3. Materials and Methods  
 The following section discusses system boundaries and function unit in section 4.3.1, 
system design for lifecycle inventory and modeling in section 4.3.2, and uncertainty and 
sensitivity analyses in section 4.3.3. 
4.3.1. System Boundaries and Functional Unit 
To examine the efficacy of mainstream anaerobic treatment of domestic wastewater, this 
study compares a theoretical wastewater treatment scenario including anaerobic primary 
treatment (AnP) coupled with aerobic secondary treatment (AeS) to a typical wastewater 
treatment scenario consisting of primary clarification coupled with conventional activated sludge 
(CAS). For each scenario, two biosolids treatment approaches were examined: anaerobic 
digestion (AnD) and aerobic digestion (AeD). In total, four complete treatment configurations 
were examined using wastewater and biosolids treatment process modeling: (1) CAS with AnD 
of primary sludge and waste activated sludge (WAS) (CAS/AnD), (2) CAS with AnD of primary 
settled solids and AeD of WAS (CAS/AnD+AeD), (3) AnP with AeS and AnD of WAS 
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(AnP/AeS+AnD), and (4) AnP with AeS and AeD of WAS (AnP/AeS+AeD). Figure 4.1 depicts 
the processes examined and the system boundaries for the CAS/AnD and AnP/AeS+AnD 
configurations. Figure C.1 depicts the processes examined and system boundaries for the 
CAS/AnD+AeD and AnP/AeS+AeD configurations.  
CAS/AnD was selected as a baseline for comparison because it is among the “most 
common” process configurations for wastewater treatment (Tarallo et al., 2015), and allows 
comparison of biogas generating technologies, i.e., AnD and AnP. While less common, AeD 
was included as a comparison WAS treatment technology (Tarallo et al., 2015). While AeD 
precludes energy recovery, its use can be advantageous. As 20-35% of WAS is not 
biodegradable, diverting WAS to AeD and employing dedicated AnD for primary sludge 
treatment can result in a smaller overall footprint and more stable AnD operation 
(Tchobanoglous et al., 2003). 
To provide reasonably equivalent wastewater treatment performance for comparison, 
CAS reactors were designed to remove BOD only. The following processes were also modeled 
in each treatment configuration: secondary clarification, gravity belt thickening, centrifuge 
dewatering, biogas treatment (moisture, siloxane, and H2S removal), CHP using a microturbine, 
sidestream treatment of centrate using anammox (for configurations without AeD), on-site 
biosolids storage, and biosolids hauling and land application. Each configuration was assumed 
to have the same follow-on nutrient removal requirements: advanced nutrient removal was not 
considered. Preliminary treatment prior to primary clarification and disinfection of effluent 
wastewater were also considered common to each configuration and were excluded from 
analysis. The following were modeled outside of the system boundary and not considered: 
environmental impacts of effluent wastewater of the WWTF beyond immediate discharge to the 
environment, environmental impacts of biosolids beyond initial land application, and excess heat 
produced by combined heat and power (CHP) beyond AnD heating requirements (i.e., to 
maintain a 35 C digester temperature). Excess heat was assumed routed outside of the system 
boundary to on-site buildings or wasted. Finding uses for excess heat can be challenging for 
facilities intentionally sited away from population centers. Section C.1 provides a complete list of 
general assumptions and a more complete explanation of system boundary considerations. The 
functional unit is treatment of 5 million gallons per day (MGD, 18950 m3d-1) of domestic 
wastewater to a minimum of U.S. EPA secondary effluent standards. WWTFs treating flowrates 
5 MGD or greater have been suggested as the appropriate size for economically feasible CHP 
(Bastian et al., 2011). 
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4.3.2. System Design for Life Cycle Inventory and Modeling 
Influent domestic wastewater was modeled on wastewater characteristics at the Mines 
Park Wastewater Test Bed at the Colorado School of Mines in Golden, CO were used for 
modeling influent domestic wastewater (Table C.1). The observed wastewater strength was 
considered medium-high strength relative to previously described wastewater characteristics 
(Tchobanoglous et al., 2003). Section C.1 provides a description of each process, including 




Figure 4.1. (A) processes and system boundary for CAS/AnD; (B) processes and system boundary for 
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biosolids (i.e., nitrogen and phosphorus addition) was included in the environmental impact 
analysis (Heimersson, et al., 2016; Smith et al., 2014). Modeled polymer and chemical additions 
included: (1) acrylonitrile polymer addition to sludge thickening and dewatering processes (5 g 
polymer per kg of sludge) (Smith et al., 2014) and (2) NaOH addition to AeD processes (325-gal 
d-1) (Tarallo et al., 2015). Two additional parameters expected to affect the treatment model 
were varied, creating 12 total treatment scenarios (Figure C.2). First, as biological activity and 
bioreactor performance is affected by wastewater temperature, two conditions were examined: 
15 and 25 C. Second, for AnP/AeS+AnD and AnP/AeS+AeD scenarios, dCH4 produced in AnP 
was modeled as either (1) uncontrolled volatilization to the atmosphere, or (2) managed removal 
via microbial activity in the AeS bioreactor with no volatilization. Estimates of methane losses in 
anaerobic bioreactor effluent vary widely, from 11% to 100% (Crone, et al., 2017; Daelman et 
al., 2012).  
The ISO 14040 LCA framework was used to compare environmental attributes of each 
configuration (Finkbeiner et al., 2006). BioWin Version 5.2 supplemented by spreadsheet 
analysis was used to model performance of each treatment configuration as described in 
Section C.1. AnP was modeled using real-world performance data from two pilot-scale multiple-
compartment reactors operating under ambient conditions in Colorado treating 1,728 and 2,160 
liters d-1. Uncertainty in the scale-up of performance from pilot-scale to full-scale was addressed 
using uncertainty and sensitivity analyses described in Section 4.3.3 and Section C.2. A solids 
balance was used to validate model accuracy. Table C.3 provides representative solids 
balances for each configuration. SimaPro Version 8.0.3.14 was used to identify environmental 
impacts using TRACI 2.1 V1.00 as described in Section C.3 for the following impact categories 
(reference unit shown in parentheses): acidification (kg SO2-eq), carcinogens (CTUh), 
ecotoxicity (CTUe), eutrophication (kg N-eq), fossil fuel depletion (MJ surplus), global warming 
(kg CO2-eq), non-carcinogens (CTUh), ozone depletion (kg CFC-11-eq), respiratory effects (kg 
PM2.5-eq), and smog (kg O3-eq). SimaPro’s U.S. electricity mix was used for analysis. Gaseous 
emissions (e.g., CH4 or N2O) appended to SimaPro for each relevant process are described in 
Section C.1.  
The net energy balance (NEB) was calculated as the sum of WWTF electricity demands 
minus electricity produced (electricity generated by CHP and the heat generated by CHP used 
to offset electricity required to heat anaerobic digesters to 35 C). Heat produced above and 
beyond digester heating requirements was not accounted for in the NEB. Values used to 
calculate the NEB were derived from BioWin modeling results or other sources as described in 
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Table C.5. For CHP, a microturbine (29% efficiency) for electricity and heat production was 
used for all scenarios. NEB modeling is described further in Section C.4.  
CAPDETWorks Version 2.5 (Hydromantis, Inc.) was used to model both capital and 
annual costs. Costs appended to CAPDETWorks are provided in Table C.7. As multiple 
compartment reactor systems are not available in CAPDETWorks, AnP was modeled as three 
UASBs in series. A treatment facility life of 40 years was assumed for all configurations (Smith 
et al., 2014). Costs derived from CAPDETWorks were adjusted from 2007 dollars to 2016 
dollars using annual inflation rates (Table C.8) (U.S. Inflation Calculator, 2017). Net present 
value was calculated using discount rates of 5%, 8%, and 10% (Smith et al., 2014). LCC 
modeling is further described in Section C.5. 
4.3.3. Uncertainty and Sensitivity Analyses  
Due to uncertainty in the performance of AnP at full-scale, two years of pilot-scale data 
for organic material (i.e., COD) removal, TSS removal, and methane generation (gaseous and 
dissolved) from two ABRs were subjected to predictive analysis using Oracle’s Crystal Ball 
Predictor. Performance data from both reactor systems were analyzed over 60 forecast periods 
to determine probable minimum (i.e., low-end), mean, and maximum (i.e., high-end) values for 
each temperature condition (15 and 25 C) (Table C.2.A). Identified values were then linearly 
scaled to full-scale, i.e., to performance of a WWTF treating 5 MGD, and propagated through 
the entire analysis, to include performance modeling in Biowin, LCA in SimaPro, and LCC in 
CAPDETWorks (Figure C.4). AnP/AeS+AnD and AnP/AeS+AeD scenarios, therefore, were 
defined as a triangular distribution using low-end, mean, and high-end estimates in the 
uncertainty analysis. When only two data points were available, i.e., a low-end and high-end 
value, a uniform distribution was assumed. For example, energy use for AnP was assumed to 
vary from 0 kWh d-1 as a low-end value (i.e., no energy was used because AnP treatment was 
located within the hydraulic gradient of the facility and no pumping was required) to 210 kWh d-1 
as a high-end value (i.e., the same energy required for pumping in traditional primary 
clarification). When one value was available, a normal distribution (i.e., mean value with 
standard deviation ± 20%) was assumed. Table C.4 lists uncertainty parameters used in this 
analysis with example values from the AnP/AeS+AnD (25 C, dCH4 volatilization) scenario. The 
impacts of data uncertainty were evaluated using Monte Carlo analysis (50,000 simulations) in 
Oracle Crystal Ball Release 11.1.2.4.850. Error bars depicted in each figure represent the 10th 
and 90th percentile results. 
 
 61  
4.4. Results and Discussion 
 The following section describes the results and discussion of this work, to include the net 
energy balance for examined configurations (section 4.4.1), the recovery of dCH4 for enhanced 
energy generation and reduction in greenhouse gas emissions (section 4.4.2), the 
environmental impacts of examined configurations (section 4.4.3), and the lifecycle costing of 
examined configurations (section 4.4.4).   
4.4.1. NEB for configurations with AnP are lower than conventional systems 
Figure 4.2 depicts energy use, energy generation, and the NEB for each treatment 
scenario. As shown, AnP/AeS+AnD and AnP/AeS+AeD scenarios had a lower NEB relative to 
their CAS/AnD baseline scenarios by 51% to 193%. AnP/AeS+AnD scenarios, which included 
biogas generation from both AnP and AnD, had the lowest NEBs relative to all other 
comparative scenarios within different configurations. For example, AnP/AeS+AnD (25 C, dCH4 
volatilization) had a mean NEB of 2200 kWh d-1, while AnP/AeS+AeD (25 C, dCH4 
volatilization) had a mean NEB of 2300 kWh d-1, CAS/AnD (25 C) had a mean NEB of 4700 
kWh d-1, and CAS/AnD+AeD (25 C) had a mean NEB of 5600 kWh d-1. The lower NEB for 
scenarios with AnP can be primarily attributed to two factors. First, CAS/AnD and 
CAS/AnD+AeD scenarios produced more sludge in the CAS process than AnP/AeS+AnD and 
AnP/AeS+AeD scenarios produced in the AeS process. While the increased volume of WAS 
from CAS produced more biogas in AnD, the resulting increase in energy production from CHP 
was negated by the requirement for additional energy to process sludge and biosolids.  
Second, AnP/AeS+AnD and AnP/AeS+AeD scenarios produced more biogas than 
CAS/AnD and CAS/AnD+AeD scenarios. For example, CAS/AnD (25 C) offset 35% of 
electricity requirements via CHP, while the scenario with the lowest NEB (AnP/AeS+AnD, 15 C, 
dCH4 volatilization) offset 71% of electricity requirements. For AnP/AeS+AnD scenarios, 
between 63% and 85% of biogas captured and used for electricity and heat generation was 
produced by AnP, not AnD of primary sludge and WAS. Modeled AnP removed 45% (15 C, 
low-end value from Crystal Ball Predictor) to 81% (25 C, high-end value) of influent organic 
carbon (as COD), which was directly converted to methane gas via anaerobic microbial activity 
(i.e. hydrolysis, acetogenesis, and methanogenesis) (Vavilin et al., 2008). Traditional primary 
clarification typically removes less COD, approximately 40%, in the influent wastewater as 
primary sludge (Tchobanoglous et al. 2003). In conventional aerobic treatment (i.e., CAS/AnD), 
the remaining COD, approximately 60%, is converted to biomass in energy-intensive activated 
sludge aeration basins before eventually being removed as WAS. WAS is then usually 
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combined with primary sludge and subjected to AnD to create biogas. AnP, therefore, 
represents a redirection of carbon compared to conventional aerobic treatment systems. This 
redirection decreases energy use, while enhancing methane production and energy-generating 
potential.  
Two temperature-related factors substantially affected the NEB and caused modeled 
energy use to be greater in 25 C scenarios than in 15 C scenarios. First, increased energy use 
in the activated sludge process was observed at 25 C due to decreased oxygen transfer 
efficiency at the higher wastewater temperature. As indicated by sensitivity analysis (Tables 
C.6.A – C.6.C), energy use within the NEB was most sensitive, i.e., had the highest positive 
correlation coefficient, to the aeration basin (i.e., CAS or AeS). Increases in energy use in the 
aeration basin at 25 C, therefore, had the greatest negative impact on the NEB. Second, at 
lower wastewater temperatures, anaerobic microbial metabolic activity decreases, thereby 
producing less methane in the AnP process. Methane solubility also increases at lower 
wastewater temperatures, reducing biogas capture and energy/heat generating potential (Crone 
et al., 2017). Energy production within the NEB was most sensitive, i.e., had the highest 
negative correlation coefficient, to electricity and heat (an electricity offset for AnD) produced by 
CHP. Less biogas was produced in AnP at the lower wastewater temperature and more heat 
was required to maintain AnD at 35 C; therefore, more electricity generated off-site was 
required, increasing the NEB. 
4.4.2. Recovery of dCH4 is required to reduce global warming impacts and enhance energy 
generation  
Each AnP/AeS+AnD and AnP/AeS+AeD scenario was modeled with two variations 
regarding dCH4 produced by anaerobic primary treatment: complete uncontrolled volatilization to 
the atmosphere or complete removal in AeS treatment. Figure 4.3 shows the contribution of 
each modeled process to global warming for each treatment scenario. As depicted, 
AnP/AeS+AnD scenarios had reduced global warming impacts relative to their comparative 
baseline CAS/AnD scenario when dCH4 emissions were controlled. In this case, the use of 
electricity generated off-site was the biggest contributor to global warming impacts for all 
scenarios, accounting for between 43% and 65% of emissions. Uncontrolled volatilization of 
dCH4 to the atmosphere significantly increased global warming impacts for scenarios with AnP, 
accounting for between 87 and 93% of the total global warming impacts for these scenarios. For 
example, the AnP/AeS+AnD (25 C, dCH4 volatilization) scenario emitted > 690% more CO2-eq 
than did its comparative baseline scenario (CAS/AnD, 25 C) and > 720% more CO2-eq than did 
the AnP/AeS+AnD (25 C, dCH4 removal) scenario. Global warming impacts were greater for 15 
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C scenarios with AnP. Here, the increased solubility of methane led to decreased gaseous 
methane capture in the AnP process, but increased uncontrolled volatilization to the atmosphere 
in the AeS process. For example, the AnP/AeS+AnD (15 C, dCH4 volatilization) scenario  
 
 
Figure 4.2. Energy use, energy generation, energy offset from heat generation, and NEB for 
each configuration in terms of electricity (kWh d-1). Electricity generated by CHP is differentiated 
by biogas source, i.e., electricity generated from AnP and AnD are depicted separately. NEB 
does not include potential energy generation from dissolved methane capture; however, 
potential energy recovery is depicted as a separate item on the energy use & generation portion 
of the figure. In each scenario, excess heat beyond digester heating requirements was 
generated, but was routed outside of the system boundary and not considered in the NEB. Error 
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Figure 4.3. Global warming impacts by process within each configuration (mean values). The 
upper portion of the figure includes uncontrolled volatilization of dCH4 generated by anaerobic 
primary to the atmosphere. The lower portion excludes dCH4 volatilization. AnP/AeS+AnD and 
AnP/AeS+AeD scenarios that modeled uncontrolled volatilization of dCH4 rather than managed 
dCH4 removal in aerobic secondary units each have substantially increased global warming 
impacts.   
 
emitted > 1130% more CO2-eq than did its comparative baseline scenario (CAS/AnD, 15 C) and 
approximately 1200% more CO2-eq than the AnP/AeS+AnD (15 C, dCH4 removal) scenario. 
The aforementioned values represent a “worst case” emissions scenario where all dCH4 
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level of dCH4 removal in follow-on aerobic treatment by methanotrophic bacteria (Ho et al., 
2013). dCH4 can also be used as a carbon source for heterotrophic denitrification in an anoxic-
aerobic secondary process (Hahn & Figueroa, 2015; Modin et al., 2007). In this case, dCH4 
would reduce the need for an exogenous electron donor and carbon source that would 
otherwise be required for denitrification. Other means to biologically remove dCH4 have been 
suggested, e.g., the downflow hanging sponge, which was observed to recover between 57 and 
88% of dCH4 from UASB effluents (Hatamoto et al., 2011; Hatamoto et al., 2010; N. Matsuura et 
al., 2010; Matsuura et al., 2015).  
Perhaps more advantageous than biogenic dCH4 removal, which limits emissions and 
reduces global warming impacts but can increase sludge production, is dCH4 capture for energy 
generation. In addition to the NEB, Figure 4.2 also depicts the uncertainty of modeled dCH4 
capture after conversion to electricity via CHP. With modeled dCH4 capture, no scenario in this 
study achieved an energy-positive state, i.e., no scenario generated more energy and heat than 
were required for facility operation; however, several approach energy neutrality. For example, 
in the scenario with the lowest NEB, AnP/AeS+AnD (15 C, dCH4 volatilization), modeled 
electricity production from dCH4 (mean value of 390 kWh d-1 from the uncertainty analysis) 
would decrease the NEB from 1140 kWh d-1 (71% energy offset) to 740 kWh d-1 (81% energy 
offset). In a hypothetical scenario where complete capture of dCH4 was achieved and routed to 
CHP for additional energy generation, a total of 780 kWh d-1 of electrical energy from dCH4 is 
possible for 15 C scenarios. With complete dCH4 capture, the NEB for the AnP/AeS+AnD (15 
C, dCH4 volatilization) scenario would decrease to 350 kWh d-1 (91% energy offset). To date, 
however, no economically or energetically viable dCH4 capture solution has been identified 
(Smith et al. 2014). For example, several studies examining dCH4 capture using membrane 
degasification use more energy than can theoretically be recovered (Bandara et al., 2011; 
Cookney et al., 2016; Cookney, et al., 2012; Crone et al., 2017).  
4.4.3. AnP/AeS+AnD configurations have lower impacts relative to conventional 
treatment configurations in most impact categories 
Environmental impacts for each scenario are depicted in Figure 4.4. As shown, 
AnP/AeS+AnD scenarios had reduced environmental impacts relative to baseline CAS/AnD 
scenarios regardless of temperature for most impact categories, to include, acidification, fossil 
fuel depletion, ozone depletion, respiratory effects, ecotoxicity, and smog. AnP/AeS+AeD 
scenarios had reduced environmental impacts relative to CAS/AnD scenarios for fewer impact 
categories: acidification, ozone depletion, respiratory effects, and ecotoxicity. CAS/AnD+AeD 
scenarios had increased impacts relative to CAS/AnD scenarios in all impact categories, 
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regardless of temperature. Using acidification as an example, AnP/AeS+AnD scenarios 
produced between 17% and 37% less kg SO2-eq than comparative CAS/AnD scenarios, 
whereas AnP/AeS+AeD scenarios produced approximately 6% less kg SO2-eq, and 
CAS/AnD+AeD scenarios produced between 32% and 42% more kg SO2-eq than comparative 
CAS/AnD scenarios.  
CAS/AnD scenarios had lower emissions of carcinogens and non-carcinogens relative to 
AnP/AeS+AnD scenarios; however, no scenario had a substantial relative impact on human 
health, i.e., the difference between emissions of each scenario was negligible. As CAS and AeS 
processes were modeled for BOD removal only, no N and P was removed and substantial 
eutrophication impacts from the effluent wastewater were observed for each scenario. When the 
impacts of N and P in the effluent wastewater were removed and the impact of eutrophication 
from other processes isolated, a negative value was observed for both CAS/AnD and 
AnP/AeS+AnD scenarios due to the land application of biosolids and associated nitrogen (N) 
and phosphorus (P) offset credits, which avoided impacts from synthetic fertilizer production. 
For further comparison, Figures C.5.A and C.5.B show impacts for like each scenario 
normalized to the baseline CAS/AnD scenario (e.g., Figure C.5.A depicts emissions from all 25 
C scenarios relative to the CAS/AnD 25 C scenario).  
The quantity of emissions in each impact category was primarily influenced by off-site 
fossil fuel use for electricity (e.g. coal, natural gas, crude oil, etc.). AnP/AeS+AnD scenarios 
relied less on off-site electricity relative to CAS/AnD scenarios, which reduced environmental 
impacts in the aforementioned impact categories. AnP/AeS+AeD scenarios also generated 
more on-site electricity relative to baseline CAS/AnD scenarios; however, the use of NaOH for 
AeD increased emissions in the following impact categories: acidification, fossil fuel depletion, 
respiratory effects, non-carcinogens, and smog. The quantity of sludge produced in each 
scenario also impacted the quantity of emissions. The increased removal of COD in AnP 
relative to primary clarification reduced sludge generation in the AeS process, thereby reducing 
downstream sludge/biosolids treatment requirements and reducing environmental impacts 
relative to CAS/AnD scenarios. The land application of biosolids as fertilizer provided a N and P 
recovery credit, reducing modeled emissions in several impact categories, including 
carcinogens, non-carcinogens, ecotoxicity, and eutrophication. The avoided use of synthetic 
fertilizer most benefited CAS/AnD scenarios, which produced the greatest volume of 
sludge/biosolids. N and P recovery credit resulted in negative environmental impacts for 
carcinogens in all scenarios, and for non-carcinogens in CAS/AnD scenarios. The ability to land-
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apply wastewater treatment biosolids, however, may be restricted in some areas based on local 
regulations (Miller-Robbie et al., 2015).   
Regarding temperature, lower environmental impacts were observed in almost all impact 
categories for 15 C scenarios relative to 25 C scenarios principally due to reduced fossil fuel 
use. An exception was observed for global warming impacts in scenarios where complete dCH4 
volatilization was assumed. Here, increased solubility of CH4 at lower temperatures decreased 
gaseous CH4 available for energy generation, while simultaneously increasing dCH4 
volatilization (see Section 4.2). Figures C.5.C and C.5.D compare impacts of temperature for 
scenarios of the CAS/AnD configuration and the AnP/AeS+AnD configuration, respectively. 
4.4.4. Lifecycle costs of configurations with anaerobic primary treatment are lower than 
conventional systems 
Figure 4.5 depicts the net present value of each treatment configuration at an 8% 
discount rate; net present value at 5% and 10% discount rates are also shown for comparison. 
Table C.9.A further lists values for net present value (5%, 8%, 10% discount rates), project 
capital costs, and annual costs for each treatment scenario. In general, all AnP/AeS+AnD and 
AnP/AeS+AeD scenarios had lower net present values than their comparative baseline 
CAS/AnD scenario, while CAS/AnD+AeD scenarios were found to be costlier than their 
comparative CAS/AnD scenarios. Variation between configurations was observed in both capital 
costs and annual costs. As each configuration treated the same flow of wastewater (5 MGD) 
and required similarly sized physical structures, the variation in capital costs was primarily 
observed in the sludge/biosolids treatment processes. As less sludge was produced in the AeS 
treatment process than in the CAS process, lower sludge/biosolids equipment capital costs and 
a smaller required treatment footprint was observed for AnP/AeS scenarios. For example, the 
modeled primary and WAS sludge production for CAS/AnD (25 C) was 6000 kg sludge d-1, 
while the modeled WAS production from the AeS unit in the AnP/AeS+AnD (25 C, dCH4 
volatilization) scenario was only 1900 kg sludge d-1 (Table C.3). Correspondingly, the total 
capital costs for the AnP/AeS+AnD (25 C, dCH4 volatilization) scenario were 17% less than the 
capital costs for the CAS/AnD (25 C) scenario with a 50% reduction in capital costs for 
sludge/biosolids treatment processes observed. Table C.10 shows mean capital cost of each 
process adjusted for inflation (25 C scenarios). Annual costs, which includes operations, 
maintenance, material, chemicals, and energy, were lower for AnP/AeS+AnD scenarios relative 
to baseline CAS/AnD scenarios by 27% to 55%. Reduction in annual costs were observed in 
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Figure 4.4. Environmental impacts by configuration for each impact category examined minus 
global warming impacts, which are depicted in Figure 4.3. Error bars represent 10th and 90th 
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Figure 4.5. Lifecycle costing for each treatment configuration. Net present value of each 
configuration at an 8% discount rate (2016 U.S. dollars) is depicted. Capital costs and annual 
operations and maintenance costs are displayed separately. Error bars represent 10th and 90th 
percentile from uncertainty analysis. For comparison, the diamond represents net present value 
at a 10% discount rate and the triangle represents net present value at a 5% discount rate.  
 
each cost category with the greatest reductions observed in energy costs and material costs. 
Table C.9.B shows mean annual costs for each treatment scenario.   
4.4.5. AnP coupled with other anaerobic technologies may be a path forward for energy-
positive domestic wastewater treatment with further study  
In the future, AnP using ABRs may be coupled with other anaerobic reactor 
technologies, such as AnMBRs or staged anaerobic fluidized membrane bioreactors (SAF-
MBR) to enhance energy recovery and further reduce environmental impacts; however, more 
study of reactor performance coupled with efforts to reduce energy demand by membrane-
based reactors are required before full-scale implementation of a potentially anaerobic energy-
positive wastewater treatment scheme is achievable (Bae et al., 2014; Shin et al., 2014; 
Shoener et al., 2014; Smith et al., 2014; Tarallo, 2014; Yoo et al., 2014). Beyond wastewater 
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with other anaerobic approaches for the digestion of organics, such as the co-digestion of 
wastewater biosolids with food waste, can be a means for creating energy-generating facilities 
(Breunig et al., 2017). Some activated sludge WWTFs, such as the East Bay Municipal Utility 
District in Oakland, CA, currently supplement AnD of wastewater biosolids with high-strength 
organic wastes to achieve energy self-sufficiency (Chakrabarti, et al., 2011; Shen et al., 
2015),and can provide a starting point for the design of a full-scale completely anaerobic 
resource recovery facility.   
Despite potential advantages in energy generation, environmental impacts, and cost 
reduction, anaerobic effluents must be addressed before mainstream anaerobic primary 
treatment schemes can achieve widespread implementation. In addition to dCH4, anaerobic 
effluents also contain residual organic carbon, nutrients (i.e., ammonia and phosphorus) that 
exceed discharge standards, hydrogen sulfide, and volatile fatty acids (Delgado Vela et al., 
2015). Energy-efficient follow-on treatment technologies that remove one or more of these 
contaminants need to be explored. Nitrogen is typically removed in energy-intensive, 
conventional aerobic treatment by adding an anoxic denitrification step, often achieved through 
supplemental carbon addition or through an alternate configuration, such as the Modified 
Ludzack-Ettinger process (Randall et al., 1998; Tchobanoglous et al., 2003). Several nitrogen 
removal strategies requiring little aeration and no organic carbon addition are promising, but full-
scale, mainstream wastewater treatment has not been demonstrated. Nitritation coupled with 
anammox is one such technology for anaerobic effluents with low carbon-to-nitrogen ratios as 
observed with anaerobic primary treatment (Laureni et al., 2016; Lotti, 2015). Bioreactors 
coupling methane-oxidizing microbial communities and microalgae may also be a means of 
removing dCH4, ammonia, and excess carbon (van der Ha et al., 2011).50 Other phototrophic 
technologies, such as high-rate algal ponds or photobioreactors, may also be coupled with 
anaerobic wastewater treatment for nutrient recovery or biofuel production (Pittman et al., 2011; 
Shoener et al., 2014).    
Figure 4.6 compares the net present value (8% discount rate) to the NEB for each 
treatment scenario. The intersection of these two lifecycle-based analyses depicts the 
advantage in energy and costs of modeled AnP scenarios compared to conventional 
wastewater treatment systems. This study shows that anaerobic primary treatment coupled with 
aerobic secondary treatment strategies can enhance methane production from wastewater 
organics while minimizing biosolids production, thereby creating a more favorable net energy 
balance, reducing environmental impacts in most examined categories, and lowering lifecycle 
costs relative to conventional treatment configurations. With further research and process 
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improvements, AnP with multiple compartment reactors, such as the ABR, may be able to 
reduce effluent COD and TSS to meet secondary effluent standards and eliminate the need for 
aerobic secondary treatment altogether, or may be coupled with other anaerobic technologies to 
enhance energy generation and further reduce environmental impacts beyond the quantities 
modeled in this analysis.  
 
 
Figure 4.6. Comparison of Net Present Value (8% discount rate) and Net Energy Balance for 
each treatment scenario.  
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CHAPTER 5 
 
SUCCESSION OF A FOUNDING MICROBIOME AFTER SEEDING IN A MULTIPLE-
COMPARTMENT ANAEROBIC BIOREACTOR FOR DOMESTIC WASTEWATER 
TREATMENT 
 
A paper in preparation for submission to ISME Journal 
 
Andrew Pfluger16, Gary Vanzin17, Robert Almstrand18, Linda Figueroa19, Junko Munakata Marr19 
 
5.1. Abstract 
The ecological concepts of community succession and founder effect have been 
examined in the context of plant ecology and island biogeography but are not well explored in 
engineered biological systems. Examination of the spatiotemporal development of an anaerobic 
microbiome after transfer from an existing anaerobic baffled reactor (ABR) to a new, similarly 
configured ABR treating a different domestic wastewater stream under ambient temperatures 
(12 to 23 C) provides the opportunity to explore these concepts over the first 275 days of 
operation. Sludge samples withdrawn every 14-days from each compartment and the influent 
wastewater of each bioreactor were subjected to Illumina sequencing of 16S ribosomal RNA 
genes. Results suggest that the microbial communities in the receiving bioreactor experienced 
two successional trajectories following inoculation. The first trajectory following inoculation was 
marked by low wastewater temperatures (12 to 14 C) and numerous disturbances to the sludge 
blanket in the ABR’s first compartment. A second successional trajectory was initiated when 
wastewater temperatures increased and disturbances were reduced by the installation of gas-
liquid-solid separators in each reactor compartment. The second successional trajectory was 
marked by significant increases in relative abundance of Euryarchaeota, especially 
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Methanosaeta. During the second successional trajectory, the microbial communities in 
complementary reactor compartments in the donor and receiving reactors became increasingly 
similar. Further, the relative abundance of founding members significantly decreased during the 
first successional trajectory but significantly increased, or rebounded, during the second 
successional trajectory. The founding microbiome and succession of the microbial communities 
were influenced by stochastic events, but results suggest that communities in anaerobic 
multiple-compartment reactor systems treating domestic wastewater will likely become similar 
over time and continued operation.  
 
5.2. Introduction  
Engineered wastewater treatment systems are useful environments for studying 
microbial ecology phenomena (Daims et al., 2006) and have enhanced understanding of 
community resilience and stability (Vuono et al., 2015; Werner et al., 2011), mechanisms of 
community assembly (Vanwonterghem et al., 2014; Wells et al., 2011), and regional synchrony 
of microbial communities in similar bioreactors (Griffin & Wells, 2017). Mixed-culture activated 
sludge systems are the most commonly used form of wastewater treatment today (Seviour, 
2010); however, activated sludge systems are energy-intensive and require substantial 
oxygenation to promote microbial growth (U.S. EPA, 2013). Anaerobic wastewater treatment 
systems have gained increasing attention due to their generation of useful end products, such 
as methane-rich biogas for onsite energy generation (Briones & Raskin, 2003; McCarty et al., 
2011). Many of the most promising anaerobic reactor configurations, such as anaerobic 
membrane bioreactors or the anaerobic baffled reactor (ABR), are the subject of current pilot-
scale research (Hahn & Figueroa, 2015; Smith et al., 2014).  
While the degradation of complex organics found in domestic wastewater (i.e., 
carbohydrates, fats, and proteins) to CH4 and CO2 has been studied in multiple-compartment 
reactors, such as the ABR (Barber & Stuckey, 1999), the spatiotemporal development of 
microbial communities in each reactor compartment has not been well studied. The observed 
spatial separation and observed functional differentiation of the mixed anaerobic consortia in 
each successive reactor compartment of an ABR (Gulhane et al., 2017) provides opportunity to 
examine whether anaerobic sludge transferred, i.e., a “founding microbiome”, from a “donor” 
bioreactor to a new “receiving” bioreactor retains its original community structure, or assembles 
differently over time due to stochastic influences that occur during reactor start-up and initial 
operation. The control of many variables, e.g., influent substrate, HRT, etc., can help determine 
the spatiotemporal development of the microbial communities after inoculation (Vanwonterghem 
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et al., 2014). In multiple-compartment bioreactors, such as the ABR, where organic compounds 
are degraded longitudinally through successive spatially separated reactor compartments (i.e., 
baffling), the microbial community structure in each compartment is heavily influenced by 
available substrate. Due to similarity in reactors, we initially hypothesized that ABR 2 would 
immediately follow a successional trajectory that would create a community structure similar to 
that of ABR 1. Such deterministic community assembly has been previously suggested for both 
aerobic and anaerobic wastewater treatment bioreactors (Griffin & Wells, 2017; Vanwonterghem 
et al., 2014). 
The concepts of community succession and the founder effect have been explored in the 
context of plant ecology and island biogeography, respectively, and may be useful constructs for 
examining the spatiotemporal development of the anaerobic microbiome after inoculation of a 
new reactor system. Succession can be defined as the somewhat orderly and predictable 
manner by which communities change over time after colonization of a new environment 
(Fierer, et al. 2010). While most commonly applied to plant ecology, succession has been 
studied in several microbial contexts, including stream biofilms, composts, deglaciated soils, 
and human neonates (Besemer et al., 2007; Carpenter-Boggs et al., 1998; Favier et al., 2002; 
Koenig et al., 2011; Lyautey et al., 2005; Nemergut et al., 2007). Succession in engineered 
biological reactor systems, however, is not well studied (Callbeck et al., 2011; Connaughton et 
al., 2006). Two types of succession have been described: primary and secondary. Primary 
succession occurs when a habitat is colonized for the first time, whereas secondary succession 
occurs when a previously occupied area is re-colonized following a disturbance event that kills 
much or all of the existing community (Horn, 1974). Disturbance events, which can be described 
as pulse (i.e., short duration) or press (i.e., long duration), are usually stochastic in nature and 
can influence the development of a microbiome (Shade et al., 2012), possibly modifying the 
successional trajectory or inducing secondary succession.  
The founder effect suggests a loss of genetic variation will occur when a new population 
with fewer members is isolated from an originating population (Provine, 2004; Templeton, 
1980). The smaller, isolated population can experience genetic drift, becoming distinct from the 
original population over time (Brochier-Armanet & Moreira, 2015). A variation of the traditional 
island biogeography definition of founder effect has been used to explain the microbial ecology 
of living organisms. For example, the lasting composition of the human microbiota has been 
traced back to maternal transmission during the human birthing process, suggesting that the 
community composition can strongly depend on the order in which species are introduced to an 
environment (Turnbaugh et al., 2007). Over time, the initial human microbiota is sculpted into 
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differing microbial communities in various parts of the body as it is exposed to varying 
substrates, other microorganisms, and differing environmental conditions. The sculpting is 
analogous to genetic drift in isolated island populations, such that, for example, the gut 
microbiome becomes distinct from the oral microbiome (McCafferty et al., 2013; Turnbaugh et 
al., 2007). The importance of the initial inoculating, or seed, community on later community 
composition may also apply to other scenarios, such as engineered biological reactor systems 
for wastewater treatment; however, the effects of such a founding microbiome have not been 
studied. Further, examination of how the founding microbiome persists when subjected to 
varying stochastic influences, such as differing substrate concentrations, wastewater 
temperatures, and a different microbial community in the influent wastewater is needed to 
understand if communities in the seed sludge persist after inoculation. Similarly, unmanaged 
performance variations, such as mechanical failures or the unintended transfer of sludge from 
one compartment to another, can disturb the microbial communities and introduce opportunities 
for succession.   
This study examines the succession of an anaerobic microbial consortium over 275 days 
after transfer of anaerobic sludge from an ABR with 3.5 years of continuous operation to a 
similarly configured, new anaerobic reactor. The principal objectives of this work were to 
examine: (1) how the microbial communities assemble over time and space in the receiving 
reactor after sludge transfer; (2) whether the founding microbiome from the seed sludge persists 
over time in each reactor compartment; (3) whether the microbial communities in the donor and 
receiving reactor become more similar or dissimilar over time; and (4) how stochastic influences 
and unmanaged performance variations impact the microbial communities in the receiving 
reactor over time.  
 
5.3. Materials and Methods  
 The following section describes reactor operation and performance monitoring in section 
5.3.1, methods for sludge sampling, DNA extraction, and 16S rRNA gene sequencing in section 
5.3.2, amplicon sequence processing and quality control in section 5.3.3, and statistical methods 
and analyses in section 5.3.4.  
5.3.1. Reactor operation and performance monitoring  
A pilot-scale ABR (ABR 1) consisting of four equal-sized rectangular compartments 
(2.7:1 height-to-diameter) with a total system hydraulic volume of 870 liters was in operation for 
3.5 years at the initiation of this study (Hahn & Figueroa, 2015; Pfluger et al., 2018). ABR 1 
provided anaerobic sludge seed to inoculate a second pilot-scale ABR (ABR 2) consisting of 
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three equal-sized cylindrical compartments (12:1 height-to-diameter) with a total system 
hydraulic volume of 720 liters. Figure D.1 provides reactor schematics and further description of 
each ABR. Anaerobic seed sludge was transferred from ABR 1 to corresponding compartments 
in ABR 2 in a manner designed to preserve reactor-level community structure and promote 
longitudinal degradation of organics upon start-up. Specifically, ABR 2 Compartment 1 (C1), 
Compartment 2 (C2), and Compartment 3 (C3) were inoculated with sludge from ABR 1 C1, C2, 
and Compartment 4 (C4), respectively. For inoculation, 5.6 liters of sludge from the 
aforementioned ABR 1 compartments were added to approximately 100 liters of raw domestic 
wastewater (16 C) in corresponding ABR 2 compartments and allowed to acclimate for a period 
of 48 hours prior to start-up and introduction of fresh influent wastewater (i.e., start of the study 
period). 
The ABRs were geographically separated and were subjected to different environmental 
conditions. ABR 1 was fed raw wastewater (12 to 23 C) at a rate of 1,728 liters d-1 (hydraulic 
retention time (HRT) of 12 hours). The HRT of ABR 1 was adjusted from 12 to 24 hours after 
101 days of study in an effort to enhance treatment performance. ABR 2 was fed raw 
wastewater (11 to 24 C) at a constant rate of 720 liters d-1 (HRT of 24 hours). Wastewater was 
treated as it flowed sequentially through the sludge blankets in each successive reactor 
compartment. pH did not vary substantially throughout the study and ranged between 6.5 and 
7.2 for both ABRs. Performance measurements collected from each ABR compartment included 
temperature, pH, total suspended solids (TSS), volatile suspended solids (VSS), chemical 
oxygen demand (COD), dissolved organic carbon (DOC), 5-day biochemical oxygen demand 
(BOD5), alkalinity, volatile fatty acids (VFA) (i.e., acetate, propionate, butyrate, lactate), and 
biogas production and composition (CH4 and CO2). Nitrogen (NH3, NO2-, and NO3-) and 
phosphorous were measured in the influent and effluent of each ABR. Analyses for each 
measurement are described in Appendix D.  
Uncontrolled variables during this study included: seasonal changes in wastewater 
temperature, variations in organic substrate loading, and variations in influent wastewater 
chemistry and suspended solids. Several unmanaged performance variations were observed 
during the study period, including: (1) accumulation of solids in ABR 2 C1 at low temperatures 
immediately following sludge inoculation and reactor start-up; (2) bulk sludge transfer from ABR 
2 C1 to C2 due to biogas accumulation and subsequent lifting of the sludge from the bottom of 
the ABR C1; (3) a valve failure in ABR 2 C1 on day 241 of the study, which led to a loss of 
approximately 70% of the sludge volume in the reactor compartment. Table D.1 summarizes 
each unmanaged performance variation by date of study.  
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5.3.2. Sludge sampling, DNA extraction, and 16S rRNA gene sequencing  
In addition to the seed sludge, biological sludge samples from each compartment in both 
ABRs were removed every 14 days for the first 275 days of ABR 2’s operation. Samples were 
removed with a Sludge Judge C09247WA Sampler System from the center of each 
compartment’s sludge bed. Influent wastewater samples from both locations were also 
preserved. Samples from the influent wastewater of ABR 1 were not initially preserved. To 
determine if the microbial community in ABR 1’s influent was consistent over time, samples 
were preserved after the initial study period (i.e., between days 420 and 510) for comparison. 
Samples were transported on ice and biomass pellets were preserved at -20 C until DNA 
extraction. Genomic DNA was extracted from 2.0 mL of anaerobic sludge using the DNeasy 
PowerLyzer PowerSoil DNA extraction kit (Qiagen, Inc., Germantown, MD, USA) according to 
the manufacturer’s protocol and stored at -80 C. DNA from biological replicates was extracted 
from each sampled location to verify consistency of community composition at each sampling 
point. DNA was quantified using a Qubit Fluorometer and a Qubit dsDNA High Sensitivity Assay 
Kit. 16s rRNA gene amplification was performed using 1 ng of DNA following the dual-index 
barcoded sequencing strategy described in Kozich et al. (2013). DNA sequencing was 
performed at the BioFrontiers Institute using an Illumina MiSeq 2x250 and V2 chemistry. 
Sequences can be accessed on GenBank. 
5.3.3. Amplicon sequence processing and quality control   
rRNA sequences (henceforth called ‘amplicon sequence variants’, or ASVs) (Callahan et 
al., 2017) were initially processed using DADA2 (Callahan et al., 2016) and Phyloseq (McMurdie 
& Holmes, 2013) in R version 3.4.2. Key processing steps include sequence trimming to Q>30, 
error rate estimation using seed=100, dereplication, paired-end read merging, and chimera 
removal. Taxomony was assigned using Silva database version 128. Data for biological 
replicates were merged using a custom R script. A phylogenetic tree was created from unique 
ASVs using Quantitative Insights Into Microbial Ecology (QIIME) scripts 
parallel_align_seqs_pynast.py, filter_alignment.py, and make_phylogeny.py, each using the 
default settings. The tree was imported into R using APE (Paradis et al., 2004) and randomly 
rooted before being added to the Phyloseq object containing the ASV table, metadata, and 
taxonomy table.   
5.3.4. Statistical methods and analyses  
Alpha diversity metrics were determined on non-trimmed ASV data using Phyloseq and 
values were compared by compartment using pairwise Wilcoxon rank sum tests with Bonferroni 
correction (base R). For beta diversity analysis, the ASV table was first subset into ASVs seen a 
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minimum of two times in two or more samples, then normalized by cumulative sum scaling 
using the R library MetagenomeSeq (Paulson et al., 2013). Principal coordinate analysis (PCoA) 
was performed in Phyloseq using weighted UniFrac (Lozupone & Knight, 2005) as the distance 
metric. The top two principal coordinates (PCs) were each compared to community composition 
(relative consortium percentages at taxonomy levels phylum through genus, respectively) to 
identify linear relationships between taxa and PCs. To better understand the relationships 
between ABR 1 and ABR 2 communities by compartment, DNA sequencing results were subset 
by reactor compartment, then UPGMA dendrograms from weighted UniFrac distance matrices 
were generated in R using phangorn (Schliep, 2011) and ggtree (Yu et al., 2017). An ABR 2 
“founder” (i.e., member of the founding microbiome) was defined in the following manner: (1) a 
C1 founder ASV must be present in the C1 seed sample and observed at least once in 
additional C1 timecourse samples thereafter; (2) a C2 founder ASV must be present in C1 or C2 
seed sample and observed at least once in additional C2 timecourse samples thereafter; (3) a 
C3 founder ASV must be present in C1, C2, or C3 seed sample and observed at least once in 
additional C3 timecourse samples thereafter. ABR 2 “founder” ASVs were identified by isolating 
ABR 2 sequences, merging biological sequence replicates, and discounting (i.e., removing) 
influent wastewater community members from the data set. ASVs were classified as ABR 2 
founders using a custom R script and data were visualized using Tableau version 10.4.1 
(Tableau Software, Inc.).    
 
5.4. Results  
 The following section describes results of this study for wastewater chemistry and 
reactor performance in section 5.4.1, the influent wastewater community structure in section 
5.4.2, community assembly over time and space in section 5.4.3, the increase in % relative 
abundance of Euryarchaeota over time in section 5.4.4, and the persistence of the founding 
microbiome in section 5.5.5.  
5.4.1. Wastewater chemistry and reactor performance  
Influent and effluent wastewater quality for both ABRs over the 275-day study period is 
shown in Table 5.1. Table D.2 provides measured concentrations of acetate, propionate, 
sulfate, ammonia, and phosphorus during this study for both reactors. The influent wastewater 
fed to ABR 1 had higher mean total COD (tCOD) and TSS concentrations, but lower VFA 
concentrations, relative to the influent wastewater for ABR 2. Effluent tCOD and TSS 
concentrations were consistent (i.e., maintained low standard deviations) for both ABRs despite 
highly variable influent wastewater concentrations, suggesting process stability. In general, ABR 
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1, which had been in operation for 3.5 years prior to the inoculation of ABR 2 and treated 2.6 
times volume of wastewater per day, had greater absolute removal of tCOD, particulate COD 
(pCOD), and TSS relative to ABR 2 during the study period. ABR 2 was inoculated at a 
temperature of 16 C; however, wastewater temperatures immediately decreased to a weekly 
mean of 12-14 C, with daily temperatures as low as 8 C. Weekly mean wastewater 
temperatures did not again exceed 16 C until day 92 of the study. Solids accumulation was 
observed in ABR 2 C1 after inoculation through day 119 of the study due to low temperatures 
and decreased microbial activity. Accumulated biogas in the sludge/solids mixture induced 
periodic lifting of portions of the sludge bed, disrupting the microbial communities and 
inadvertently transferring sludge from ABR 2 C1 to C2. The installation of gas-liquid-solids 
separator on day 118 reduced observed biogas-induced pulse disturbances (Table D.1; Figure 
D.3). Despite disturbances, tCOD, pCOD, and TSS removal was greatest in C1 of each ABR, 
indicating that hydrolysis and solids removal were dominant functions. ABR 2 generated sCOD 
during the first 200 days of operation, but began to remove sCOD thereafter, suggesting that the 
rate of hydrolysis of pCOD was initially greater than the utilization rate of sCOD. VFA 
concentrations increased from the influent to the effluent of each ABR (Table 5.1); however, 
acetate, the most prevalent VFA, was generated in the middle compartments of each ABR and 
removed in the terminal compartment, suggesting increased activity of acetate-utilizing 
metabolisms (e.g., acetoclastic methanogenesis). Though methane measurements were initially 
limited in ABR 2 due to disturbances and associated maintenance, methane production 
increased in both reactors through the study due to increasing temperatures and methanogenic 
activity. The percentage of methane in the biogas increased longitudinally in successive ABR 
compartments for both ABRs. Sulfate was removed longitudinally through each ABR, while 
dissolved hydrogen sulfide concentrations increased. Neither ABR removed significant 
ammonia or phosphorus.  
5.4.2. Consistency of influent wastewater community structure over time and location  
An examination of core OTUs in the influent wastewater at each ABR location indicates 
that the microbiomes were consistent over time but differed significantly by location (Figure 5.1). 
For ABR 1 influent, OTU abundances were skewed, with a small number of OTUs constituting a 
majority of the ASVs recovered. A core community of 68 OTUs from the phyla Bacteriodetes (27 
OTUs), Proteobacteria (25 OTUs), Firmicutes (14 OTUs), and Fusobacteria (2 OTUs), was 
identified; however, the genus Leptotrichia of the phylum Fusobacteria (2 OTUs) and 
Acidovorax of the phylum Proteobacteria (1 OTU) accounted for 16.8% and 9.7% of mean OTU
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Figure 5.1. PCoA of weighted UniFrac distance matrices for both ABRs 1 and 2. Unique samples are colored by location and sized 
by date (i.e., larger symbols represent samples taken later in the study period). Influent wastewater samples, colored red, are closely 
grouped to the right along PC1.   
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Table 5.1. Average  standard deviation for reactor temperature and analyte concentrations in ABRs 1 and 2 
 
Reactor       Timeframe      Temp.       tCOD      sCOD            TSS      VFA                 Gaseous CH4 
         (C)                    (mg L-1)     (mg L-1)           (mg L-1)           (mg CODVFA L-1)             (L day-1) 
          
               Influent        Effluent       Influent       Effluent      Influent         Effluent     Influent      Effluent   System Production 
         
ABR 1      Days 0-101    15.0  1.7     810  350     360  40     170  30     170  20    370  180     60  30     Not Measured            70  10 
      Days 102-275    19.4  2.4     710  120     220  40     150  30     110  20    460  210     30  20     30  10    50  40       85  10 
 
ABR 2      Days 0-118    16.0  1.3     490  130     380  60     210  30     210  30    210  280     70  10     Not Measured            Not Measured 
      Days 119-275    17.4  2.5     590  310     270  50     200  40     200  40    270  300     40  10     50  30    60  20       80  50 
 
Notes: 
(1) The timeframe for ABR 1 is separated into two periods based on the change in system HRT from 12 to 24 hours.  
(2) The timeframe for ABR 2 is separated into two periods based on the observed decrease in biogas-induced pulse disturbances and more stable reactor operations.  
(3) VFA concentrations were not consistently measured prior to Day 119 of the study due to observed pulse disturbances in ABR 2.  
(4) Due to maintenance problems, gaseous CH4 composition was measured, but biogas flowrates were calculated based on historical data in ABR 1.  
(5) Gaseous CH4 was not measured in ABR 2 prior to Day 119 of the study due to observed pulse disturbances and the resultant inability to collect samples.  
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abundance, respectively. All other OTUs comprised <2.7% of the influent core microbiome for 
ABR 1. For ABR 2, a more diverse influent wastewater core community of 138 OTUs was 
identified from the following phyla: Proteobacteria (53 OTUs), Bacteriodetes (50 OTUs), 
Firmicutes (27 OTUs), Actinobacteria (3 OTUs), Fusobacteria (3 OTUs), and Euryarchaeota (2 
OTUs). Similar to the influent wastewater of ABR 1, Acidovorax (6.9%) and Leptotrichia (4.3%) 
were the two most prevalent genera in ABR 2 influent wastewater, but at a lower relative 
abundance. Studies of other influent wastewater microbiomes suggest findings consistent with 
the most prevalent phyla observed in each ABR’s influent though with different relative 
abundance (McLellan et al., 2011; Ye & Zhang, 2013). Of note, the genus Leptotrichia can be 
found in the human microbiome, including the oral cavity and the genital-urinary tract (Eribe & 
Olsen, 2008), while strains of Acidovorax have been found in soil, water, and activated sludge 
(Willems & Gillis, 2015).    
5.4.3. Community assembly over time and space in reactor compartments  
For ABR 2, the mean taxonomic diversity increased in each successive ABR 
compartment; however, only two statistically significant relationships were observed: OTUs in 
C3 were significantly greater than the influent wastewater (p-value = 0.0005) and C1 (p-value = 
0.01). Principal coordinates analysis (PCoA) of weighted unifrac community distance matrices, 
which explained 74.8% of the variance (Figure 5.1), revealed an initial divergence of the 
microbial communities in each ABR 2 compartment from the sludge seed along PCoA axis 2. 
The greatest distance, indicating the maximum dissimilarity from respective seed samples, 
occurred on days 119, 91, and 105 for ABR 2 compartments 1, 2, and 3, respectively. This point 
of greatest dissimilarity was followed by subsequent migration over time along PCoA axis 1. The 
migration along PCoA axis 1 is indicative of increasing similarity, such that the microbial 
communities in each complimentary ABR compartment became more similar to each other (i.e., 
ABR 1 C1 becomes more similar to ABR 2 C1) and to the terminal ABR compartments (i.e., 
ABR 1 C4 and ABR 2 C3) over time.  
The period of initial divergence in similarity of ABR 2 communities relative to the seed 
sludge was marked by low wastewater temperatures (12-16 C) and periods of biogas-induced 
sludge lifting events that disturbed the microbial community structure in ABR 2 C1 and C2. The 
installation of a gas-liquid-solid separator in ABR 2 C1 on day 118 of the study, coupled with 
increasing wastewater temperatures (16-24 C), corresponds with the subsequent migration 
along PCoA axis 1. From days 119 to 273 of the study, no undigested solids accumulation and 
fewer biogas-induced disturbances were observed, likely facilitating the aforementioned 
increase in community similarity. The operational performance of ABR 2 also increased after 
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118 days of study, as indicated by increased COD and TSS removal and a transition from 
generating to removing sCOD (Table 5.1).  
Dendrograms were constructed to further elucidate similarity of microbial communities in 
two ways: (1) between samples within each individual reactor compartment over time; and (2) 
between microbial communities in corresponding reactor compartments in ABRs 1 and 2 (e.g., 
ABR 1 C1 and ABR 2 C1) and the influent wastewater over time. As depicted in Figure 5.2, 
samples for the influent wastewater clustered by geographical location but were distinct from 
each other, further indicating that the microbial communities in ABRs 1 and 2 were exposed to 
differing influent wastewater community members. Figure 5.2 also shows the immediate change 
in community structure after seeding. As expected, the seed sludge for each ABR 2 
compartment was most similar to other samples from ABR 1 compartments, but ABR 2 
communities became immediately dissimilar to the seed sludge upon exposure to ABR 2’s 
influent wastewater. Over the course of the study, however, the microbial communities in each 
ABR 2 compartment became increasingly similar to the community in the corresponding ABR 1 
compartment. In C2, the microbial communities became so similar that the final four sampling 
points overlap. Figure 5.2 also shows that microbial communities in ABR 1 continued to change 
over time, suggesting that the change in HRT on day 101 of the study caused a shift in the 
community structure. 
5.4.4. Increasing % relative abundance of Euryarchaeota  
Figure 5.3 depicts the genus of methanogens in each ABR by compartment over time. 
The relative abundance of Euryarchaeota, which included only methanogenic archaea, 
increased longitudinally through each ABR, with the terminal compartments containing the 
highest abundance. Euryarchaeota also increased in relative abundance in each ABR 2 
compartment over time. The abundance of Euryarchaeota in ABR 2 C1 decreased after 
inoculation through day 77 of study but increased thereafter when biogas-induced disturbances 
ceased and temperature began to increase. Methanobrevibacter, a hydrogenotrophic 
methanogen, dominated the methanogenic community in ABR 2 C1; however, Methanosaeta, 
an acetoclastic methanogen, increased in abundance during the later portion of the study (days 
217 to 273). Similarly, ABR 2’s C2 saw low abundances of Euryarchaeota through day 77, but 
an increase thereafter. Here, Methanobrevibacter also initially dominated the methanogenic 
community, but Methanosaeta dominated after day 217. Unlike ABR 2 C1 and C2, ABR 2’s 
terminal compartment (C3) was dominated by Methanosaeta immediately following sludge 
seeding. Euryarchaeota comprised 17% of the microbial community in ABR 2 C3 over the study 
period with Methanosaeta comprising 10% (4 OTUs) of the community. Methanosaeta  
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Figure 5.2. Dendrograms comparing corresponding reactor compartments in ABRs 1 and 2. ABRs are differentiated by color. Seed 
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Figure 5.3. Normalized stacked bars for genus-level comparison of Euryarchaeota in 
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Figure 5.3. Continued. Normalized stacked bars for genus-level comparison of Euryarchaeota in 
comparable ABR compartments (C = terminal compartments) over time. The x-axis depicts day 
of study.  
 
 
Figure 5.4. Consortium percentage (OTU percent) of Euryarchaetoa plotted against PC1 of the 
PCoA for ABR 2 (Figure 1). Influent wastewater samples have the lowest OTU percentage, 
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Dominated ABR 1’s methanogenic community in all compartments tested throughout the study 
period. For ABR 2, linear regression of the relative abundance of Euryarchaeota against PCoA 
axis 1 (Figure 5.1) weighted unifrac community distances indicates that PC1 is strongly 
associated with Euryarchaeota (p-value < 0.001, R2 = 0.95) with later samplings having a higher 
relative abundance, especially in C2 and C3 (Figure 5.4). The increasing relative abundance of 
Euryarchaeota over time drove community similarity between corresponding ABR 
compartments (e.g., ABR 1 C2 and ABR 2 C2) and the terminal compartments. 
Deltaproteobacteria, which includes sulfate-reducing bacteria that are known to compete with 
methanogens for substrate (i.e., acetate) (Eaux-degremont, 1987; Isa et al., 1986; Schönheit et 
al., 1982), also increased longitudinally through ABR 2, as did Synergistetes, which have can 
have a symbiotic relationship with methanogens (Rosenberg, 2014).   
5.4.5. Persistence of the founding microbiome  
The relative abundance of founding members that persisted through the study in each 
ABR 2 compartment initially declined but increased in abundance later in the study (Figure 5.5). 
Figure D.2.A – D.2.C depicts stream graphs of the relative abundance of seed (day 0) and 
founding members at the family level over time for each ABR 2 compartment. Specifically, 90 
OTUs from the seed sludge in ABR 2 C1 were not detected in the influent wastewater and 
persisted through the study period, while 111 OTUs in C2 and 217 OTUs in C3 identified as 
founders persisted. For C1’s persisting founding members, the relative abundance decreased 
from 12.4% post-inoculation to a low of 0.3% on day 133 of the study. After day 133, however, 
the relative abundance of persisting founders in C1 increased to 10.9% of OTUs on day 273. 
Similarly, for C2, the relative abundance of persisting founding members decreased from 8.9% 
post-inoculation to 0.3% on days 35 and 119 but increased thereafter to 20.1% on day 273. 
While the relative abundance of persisting founding members in C3 initially declined from 42.4% 
post-inoculation to 5.5% on day 21, the relative abundance of founders rebounded quickly and 
remained higher than C1 and C2 throughout the study period. Persisting members of each 
compartment’s founding microbiome were from varying phyla. Persisting founders were 
principally from Firmicutes (23 OTUs), Bacteroidetes (18 OTUs), and Spirochaetae (6 OTUs) in 
C1. Persisting founders were principally from Firmicutes (21 OTUs), Synergistetes (4 OTUs), 
and Proteobacteria (15 OTUs) in C2. Persisting founders were principally from Firmicutes (34 
OTUs), Proteobacteria (21 OTUs), and Bacteriodetes (24 OTUs) in C3. Euryarchaeota were 
observed to be persisting founders in each ABR 2 compartment, with OTUs increasing 
longitudinally through the ABR (i.e., C1 = 4 OTUs, C2 = 9 OTUs, and C3 = 17 OTUs).   
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Figure 5.5. Percent relative abundance of founding microbiome over time in each ABR 2 
compartment. Founding microbiome prevalence in C1 and C2 increased after 133 and 119 days 
of study, respectively. While the abundance in C3 stayed higher relative to C1 and C2, an 
increase was observed after day 190 of the study.   
 
5.5. Discussion  
 The following section discusses changes in community similarity, which suggest two 
successional trajectories occurred in ABR 2 (section 5.5.1), that an increase in % relative 
abundance of Euryarchaeota drove community similarity over time (section 5.5.2), and that a 
founding microbiome persisted in ABR 2 despite stochastic influences and managed 
performance variations (section 5.5.3).  
5.5.1. Changes in community similarity suggest two successional trajectories in ABR 2  
Initial colonization in natural systems is principally driven by dispersal rates and 
abundance of available organisms (Brochier-Armanet & Moreira, 2015). Even in similar 
environments, variations in colonizing community structure can create significantly different 
successional trajectories (Fierer et al., 2010). Post colonization, succession of community 
members can be impacted by numerous stochastic influences, including substrate availability, 
disturbances, and environmental factors, e.g. temperature (Griffin & Wells, 2017; 
Vanwonterghem et al., 2014; Woodcock et al., 2007). In engineered microbial systems, seed 
sludge may be transferred between an existing donor and a sterile receiving bioreactor with the 
purpose of maintaining similar community structure and function. We initially hypothesized that 
Compartment
0 37 69 98 129 159 190 220 251 273
Day of Operation
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the community structure in ABR 2 compartments would immediately become similar to 
corresponding reactor compartments in ABR 1; however, a period of dissimilarity occurred 
initially as communities in ABR 2 followed a trajectory along PCoA Axis 2 of Figure 5.1.   
Three factors likely influenced initial community succession in ABR 2: transfer and 
dilution of the seed sludge in influent wastewater immediately after inoculation, low wastewater 
temperatures, and disturbances caused by biogas-induced lifting of the sludge/solids mixture in 
ABR 2’s C1. While efforts were made to maintain the integrity of the sludge blanket, ABR 1 
communities were disturbed during transfer and immediately diluted in ABR 2 wastewater 
(dilution ratio of approximately 20 liters wastewater to 1-liter sludge) upon inoculation. While the 
sludge beds were allowed to settle for 48 hours prior to the introduction of fresh influent 
wastewater, methanogens, who are obligate anaerobes, were invariable impacted by the 
inoculation process and subsequently decreased in relative abundance during the first 
successional period (Figure 5.2). Further, at lower temperatures, accumulation of undigested 
solids has been observed in the sludge beds of anaerobic reactor systems due to decreased 
hydrolytic activity (Chernicharo et al., 2015; Lettinga et al., 2001). Despite depressed microbial 
activity, sufficient biogas accumulated within the sludge/solids mixture to lift portions of the 
sludge bed in ABR 2 C1, disrupting microbial activity on 13 occasions (Table D.1; Figure D.3). 
While the majority of the floated sludge was removed from the reactor manually, an unknown 
quantity was transferred to ABR 2 C2, simultaneously disrupting microbial communities there. 
These stressors may have inhibited microbial activity in ABR 2, accounting for lower COD and 
TSS removal efficiencies over the first 118 days of study (Table 5.1). Despite disturbances, 
members of the influent wastewater’s core microbiome, which were consistent over time, did not 
become members of ABR 2 C1’s core microbiome. The failure of influent wastewater 
community members to take advantage of any open niche caused by disturbances is suggestive 
of a “priority effect”, where early colonizers from the sludge seed have a greater impact on 
community reassembly post-disturbance (Shade et al., 2012). 
In plant ecology, secondary succession is initiated by a catastrophic disturbance event, 
such as a fire, that causes significant loss of the existing community. The stochastic events 
(e.g., disturbances) and environmental conditions (e.g., low wastewater temperatures) do not 
appear to have initiated a secondary succession event in ABR 2. Instead, the cessation of 
disturbances, coupled with increasing wastewater temperatures, allowed for more stable reactor 
operations and initiation of a second successional trajectory (i.e., migration along PCoA Axis 1 
of Figure 5.1). Interestingly, the valve failure in ABR 2 C1 on day 241, which caused the loss of 
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approximately 70% (by volume) of the sludge bed, caused no degradation in operational 
performance, as indicated by COD and TSS removal efficiency.  
5.5.2. Increasing % relative abundance of Euryarchaeota drove community similarity 
Community similarity in ABR 2 after day 118 of the study was principally driven by 
increasing percentage relative abundance of Euryarchaeota. The lower relative abundance at 
earlier sampling points in ABR 2 is suggestive of depressed methanogenic activity, especially 
during the first 118 days of the study when biogas-induced pulse disturbances and low 
wastewater temperatures were observed. The transfer of seed sludge from ABR 1 to ABR 2 and 
subsequent dilution with influent wastewater prior to reactor start-up also likely affected the 
viability of methanogens, which are obligate anaerobes (Ferry, 1992), and further inhibited 
growth during the first successional trajectory. As temperatures increased and disturbances 
were reduced (days 118 to 273), the relative abundance of methanogens increased and the 
composition changed. Specifically, a shift from a methanogenic community dominated by 
Methanobrevibacter to a more diverse community dominated by Methanosaeta occurred around 
day 217, which corresponds a wastewater temperature above 22 C and high concentrations of 
available acetate, the substrate for Methanosaeta.  
The results suggest that hydrogenotrophic methanogens, e.g., Methanobrevibacter, 
dominated the methanogenic community during initial succession, but a shift to acetoclastic 
methanogens, i.e., Methanosaeta, began to occur during the second successional trajectory 
(after day 118) when disturbances subsided and temperatures increased. Only in ABR 2 C3 did 
Methanobrevibacter still dominated the methanogenic community at the end of study, though 
the proportion of Methanosaeta in ABR 2 C1 increased during the last 70 days of the study. The 
dominance of Methanosaeta in all other compartments, including ABR 1 C1, suggests that 
Methanosaeta may come to dominate ABR 2 C1’s methanogenic community over time. At 
consistent low concentrations of acetate in wastewater sludge, Methanosaeta species have 
been observed to dominate the methanogenic community (Demirel & Scherer, 2008). The 
baffled configuration of the ABR allows for increased acetate production in the middle 
compartments and dominance of acetoclastic methanogens in the latter compartments. As 
levels of hydrolysis and acetogenesis increase at higher temperatures or with a more stable 
anaerobic microbial consortium in an ABR, a shift to domination by acetoclastic methanogens 
will likely occur. The methanogenic community structure in ABR 2 became more similar to 
corresponding donor ABR 1 compartments over time, further suggesting that the baffled reactor 
configuration can help determine community structure, despite initial stochastic influences. A 
similar successional trajectory for methanogens may be observed in similar anaerobic multiple-
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compartment reactors treating domestic wastewater especially if acetoclastic methanogens are 
prevalent in the seed sludge, although the initial successional trajectory may be different if the 
reactor is seeded under warmer wastewater temperatures and where no disturbances are 
observed.  
5.5.3. A founding microbiome persists in each ABR 2 compartment over time 
While the founder effect in island biogeography posits that a loss of genetic variation will 
occur when a new population with fewer members is isolated from an originating population 
(Grime, 1998), this study suggests that inoculation of a seed sludge in a similar uninhabited 
bioreactor is more similar to transmission of a microbiome during a maternal birthing process. 
Animal models have previously demonstrated the importance of an initial inoculating microbial 
community on later community composition, suggesting a legacy effect (Turnbaugh et al., 
2007). For example, in mice, the microbiota of littermates has been shown to be more similar 
than the microbiota of genetically identical mice from different maternal origins over time (Ley et 
al., 2005; Ubeda et al., 2012). Similarly, in humans, the observed microbiota of siblings is more 
similar than that of unrelated individuals (Ursell et al., 2012).  
In this study, each ABR 2 compartment received a unique seed sludge from a 
corresponding compartment in ABR 1, similar to microbiota transplantation or transmission 
during maternal birthing events. An initial loss of unique community members from the founding 
microbiome was evident in each ABR 2 compartment; however, founding members that 
persisted through the initial successional trajectory (days 0 to 118), which included periods of 
biogas-induced pulse disturbances, subsequently increased in relative abundance under more 
stable reactor conditions and higher wastewater temperatures (Figure 5.5; Figure D.2). This 
result suggests that founding community members played an important legacy role and 
persisted throughout the development of a stable microbial community, despite stochastic 
events such as disturbances post-inoculation. The relatively large percentage of founders that 
remained in ABR 2 C3 despite disturbances suggests that the baffled configuration of the 
bioreactor protected the microbial communities in ABR 2 C3 from biogas-induced pulse 
disturbance events that occurred in ABR 2 C1 and transferred sludge to ABR 2 C2. Comparing 
changing relative abundance of founders to changes in community similarity in corresponding 
reactor compartments of ABR 1 and ABR 2 (Figure 5.2) further suggests that an increasing 
percent relative abundance of founding members, as was observed post pulse-disturbances 
(i.e., during the second successional trajectory), may correspond with increasing similarity 
between microbial communities in donating and receiving bioreactors. Results suggest that 
stochastic influences such as unmanaged performance variations may only negatively impact 
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the founding community during the timeframe in which the variations occur. More stable reactor 
operations (i.e., without disturbances) may facilitate the persistence or proliferation of the 
founding microbial communities, thereby increasing similarity in community structure between 
the receiving and donor reactors.  
 
5.6. Conclusion  
Results of this study suggest that stochastic events (e.g., variations in influent 
wastewater temperature, disturbances to the sludge blankets in some reactor compartments 
due to biogas-induced sludge lifting) and managed performance variations (e.g., transfer of 
seed sludge and dilution in influent wastewater) caused ABR 2 microbial communities to 
become immediately dissimilar from ABR 1 donor communities. The initial successional 
trajectory lasted for approximately 118 days until gas-liquid-solid separators were installed and 
wastewater temperatures increased, thereupon a second successional trajectory was observed 
in which the relative abundance of Euryarchaeota increased. Members of the founding 
microbiome also increased in relative abundance during the second successional trajectory. 
During the second successional trajectory, ABR 1 and ABR 2 communities became increasingly 
similar, principally due to increasing relative abundance of Euryarchaeota, especially 
Methanosaeta. The increasing similarity of communities in ABR 1 and ABR 2 during the second 
successional trajectory suggests that microbial communities in like baffled anaerobic reactors 
(ABRs) may become similar over time (i.e., have a deterministic outcome) despite an initial 
divergence in microbial community similarity due to stochastic events.  
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CHAPTER 6 
CONCLUSIONS & FUTURE WORK 
 
6.1. Conclusions 
 The overall conclusion of this work is that anaerobic treatment of raw domestic 
wastewater using multiple-compartment bioreactors under low temperatures is a viable 
alternative to conventional primary treatment approaches and is a path forward for energy-
positive wastewater treatment. The ABR-AFFR at Mines Park and the ABR at PCWRA remove 
additional organics and suspended solids relative to conventional primary treatment, while 
generating stoichiometric quantities of CH4. Results from lifecycle environmental and energy 
modeling suggest that the CH4 generated can power a substantial percentage of the activated 
sludge process, while reducing environmental impacts, costs, and facility footprint. Further, this 
work demonstrates that anaerobic multiple-compartment reactor systems provide environmental 
conditions conducive to the proliferation of methanogens, specifically Methanosaeta in this 
ABR-AFFR, but that substantial study of the microbial communities is required before a full 
understanding of the microbial community dynamics or microbial-based modeling can be 
achieved. The following paragraphs highlight specific conclusions by chapter.      
 In Chapter 2, we characterize the performance of a multiple-compartment anaerobic 
hybrid reactor consisting of an ABR-AFFR over a period of 720 days for the removal of 
organics, removal of suspended solids, and the generation of CH4. We further compared ABR-
AFFR performance to conventional primary treatment. Our results suggest that the ABR-AFFR 
is a viable alternative to conventional primary treatment as it removes additional organics (~15% 
more) and suspended solids (~20% more), while producing near stoichiometric quantities of 
CH4 gas. An examination of the microbial community structure at two temperature extremes 
observed in the ABR-AFFR (i.e., 12 C, Day 395 of study, and 23 C, Day 231 of study) 
indicates that the percent relative abundance of methanogens increases over time (i.e., from 
Day 231 to 395) despite decreased wastewater temperatures at the second sampling point. 
Methanosaeta, an acetate-utilizing methanogen, came to dominate the microbial community at 
the cold-weather sampling; however, whether or not Methanosaeta will continue to dominate, or 
will decrease in relative abundance under subsequent warmer temperatures remains unclear. 
Our results further suggest that long-term microbial data are required prior to construction of 
accurate models that tie microbial data to performance data.    
 In Chapter 3, we characterized CH4 generation from > 2400 days of reactor operations 
of the Mines Park ABR-AFFR and the PCWRA ABR and compared observed measurements to 
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theoretical CH4 generation from the removal of biodegradable COD. We further used uncertainty 
modeling to increase confidence in CH4 measurements for future scale-up and to gain insight 
into the energy-generating potential of multiple-compartment reactors using several CHP 
technologies. Results suggest that the anaerobic reactors produce 2.0  1.2 kWh per kg of COD 
removed, which is approximately 45% of the maximum chemical energy available in COD. 
Further, modeled scenarios indicate that energy generated from CHP with heat recovery is 
sufficient to power coupled CAS systems. Monte Carlo analysis also suggests that dissolved 
CH4 capture is imperative for additional energy generation and greenhouse gas reduction. COD 
mass balances comparing (1) conventional activated sludge with anaerobic digestion and CHP 
to (2) anaerobic primary with ABRs coupled with activated sludge and anaerobic digestion of 
waste activated sludge and CHP indicate that scenarios with anaerobic primary treatment will 
increase COD converted to electrical energy from ~12% to ~21%, thereby almost doubling the 
energy generating potential relative to current conventional wastewater treatment. 
 In Chapter 4, we employed several lifecycle-based modeling approaches to assess the 
impacts of several reactor configurations with anaerobic primary using ABRs coupled with 
aerobic secondary treatment relative to conventional activated sludge-based treatment 
configurations. Our results suggest that the NEB for configurations with anaerobic primary are 
lower than conventional systems, and that the NEB could be further improved with recovery of 
dissolved CH4. Capture of dissolved CH4 is also required to reduce greenhouse gas emissions. 
If complete volatilization is assumed, dissolved CH4 accounts for >85% of greenhouse gas 
emissions for all anaerobic primary scenarios. If dissolved CH4 is completely removed, then 
anaerobic primary scenarios produce less greenhouse gas emissions relative to conventional 
scenarios. Further, scenarios with anaerobic primary have reduced environmental impacts in 
most other emissions categories relative to conventional scenarios. Last, lifecycle costs for 
scenarios with anaerobic primary treatment are lower than conventional scenarios principally 
due to reduced sludge production and subsequently reduced treatment requirements.     
 In Chapter 5, we employed 16S rRNA gene sequencing to examine how the microbial 
community structure changes over time in space over the first 275 days of operation in both the 
Mines Park ABR and the PCWRA ABR after sludge seeding. We viewed the results through the 
lens of two ecological principles: community succession and founder effect. Our results suggest 
that immediately following inoculation, the microbial communities in Mines Park ABR 
compartments 1-3 immediately became dissimilar to corresponding PCWRA compartments (i.e., 
the compartments that donated the seed sludge). However, after 120 days of operation, a 
second successional trajectory was observed, likely due to increasing wastewater temperatures 
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and the reduction of biogas-induced pulse disturbances in the sludge blanket of Mines Park 
ABR C1. During the second successional trajectory, Euryarchaeota drove community similarity 
with Methanosaeta becoming more prevalent in each Mines Park reactor compartment over 
time. In examining the founding microbiome, we observed that founders decreased during the 
first successional trajectory but increased during the second successional trajectory. Our results 
suggest that microbial communities in multiple-compartment anaerobic reactors will not likely 
reach a climax community within one year of operations, and that microbial data taken under 
varying wastewater temperatures over at least two years are required before we can accurately 
tie reactor performance to community structure.    
 
6.2. Future Work 
Recommendations for future work are numerous. Near-term efforts should focus on 
continued operation of pilot-scale reactor systems for further characterization of organic 
removal, suspended solid removal, and CH4 generation with the intent of constructing a full-
scale system based on lessons learned on the 5-year event horizon.  
Modifications to the reactor configuration to enhance organic and suspended solid 
removal need to be considered. Specifically, methods for increasing substrate-to-biomass 
contact within the sludge blanket should be examined. Further, efforts should be made to 
characterize the accumulated sludge (e.g., determine the refractory fraction of COD in the 
sludge) and study the long-term solids balance. Additional study of the reactor system 
hydrodynamics via a tracer test is required to help determine how influent substrate is 
distributed within the sludge bed and if hydraulic dead-zones are present.   
The treatment of residual contaminants in the anaerobic effluent is required. Near-term 
research for ammonia and additional carbon removal using partial nitritation coupled with 
anammox should be considered. Additionally, recovery of dissolved CH4, which can account for 
30 to 50% of the dissolved CH4 produced our bioreactors, is imperative for additional energy 
generation and reduction of greenhouse gas emissions.  
Additional modeling is also required, including a techno-economic analysis of the reactor 
system to further elucidate advantages and challenges for full-scale implementation of 
anaerobic primary treatment. Specific emphasis on a land resource assessment and 
identification of currently unknown externalities (e.g. additional costs) is recommended. Further, 
methods for increasing wastewater temperature should be considered. Ideas such as 
geothermal heating, insulating the bioreactor compartments, or housing reactor compartments 
inside a “greenhouse” to take advantage of insolation should be explored.   
 96  
From a microbiology perspective, a study examining the microbial community over time 
and with varying temperatures, perhaps over 2 or 3 years, is needed to gain a better 
understanding of the long-term community dynamics, especially with regard to methanogens. 
Community dynamics need to be studied in conjunction with an in-depth examination of 
wastewater chemistry data to identify useful relationships. Additionally, a study of the functional 
genes using metagenomic sequencing should provide insight into what genes are present in the 
system (beyond 16S rRNA) and if functions such as antibiotic resistance are present. Further, 
study regarding the removal of trace organic contaminants (TOrCs) is needed, as is a 
comparison of TOrC removal in anaerobic systems to conventional aerobic systems.  
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APPENDIX A 
 
SUPPORTING INFORMATION FOR METHANE GENERATION AND METHANOGENIC 
COMMUNITY STRUCTURE IN AN ANAEROBIC BAFFLED REACTOR FOR  
BIOLOGICALLY ENHANCED PRIMARY TREATMENT OF DOMESTIC  
WASTWEATER UNDER AMBIENT TEMPERATURES 
 
A.1. Supplemental Methods 
 The following section describes specific methods used in Chapter 2 of this dissertation. 
Methods described include standard methods, methods for dissolved methane measurements, 
and SRA accession information for the NCBI GenBank. 
A.1.1 Methods. The list below summarizes methods used during this study. 
Test     Method Used 
Total Suspended Solids  Standard Method 2540.D 
Volatile Suspended Solids  Standard Method 2540.E 
Chemical Oxygen Demand Standard Method 5220.D using HACH Method 8000 TNT 
822 
Biochemical Oxygen Demand Standard Method 5210.B 
Alkalinity    Hach Method 20239 TNTplus 870 (EPA compliant)   
Ammonia    Hach Method 10205 HR TNTplus 832 (EPA compliant) 
Total Nitrogen    Hach Method 10242 TNTplus s-TKN (EPA compliant) 
Nitrate     Hach Method 10206 TNTplus 835 (EPA compliant) 
Nitrite Standard Method 4500-NO2- using HACH 10237 TNTplus 
840 
 
A.1.2. Dissolved methane measurements.  
The method described in Pfluger et al. 2011 was modified for this study. Water samples 
(approximately 25 mL) were withdrawn from an effluent sampling port located at the top of each 
reactor compartment directly into a 58-mL serum bottle, which was immediately crimp-sealed 
with a butyl rubber stopper. The bottle was subsequently shaken to allow methane to equilibrate 
between the gas phase and the aqueous phase. 
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A.1.3. National Center for Biotechnology Information (GenBank) 
Project Title: Microbial communities in anaerobic baffled reactor for domestic wastewater 
treatment 
SRA accession SRP136078. Available from: https://www.ncbi.nlm.nih.gov/sra/SRP136078 
 




Figure A.1. Schematic of the pilot-scale anaerobic reactor system for treatment of domestic 
wastewater. The first three compartments in the reactor each have a height-diameter ratio of 
12:1, for a total volume of 265 liters. Within each compartment, the hydraulic volume is 240 
liters and the headspace is 25 liters. C1, C2, and C3 each have an HRT of 8 hours. The fourth 
compartment has a height-diameter ratio of 4:1, for a total volume of 89 liters. The hydraulic 
volume in C4 is 80 liters and the headspace is 9 liters. The total system hydraulic volume for C1 
to C4 is 800 liters. The system treats 720 liters of domestic wastewater per day and has total 
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Figure A.2. Box and whisker plot for tCOD removal by compartment. The large number of 
outliers for C1 is a result of highly variable influent concentrations. The number of outliers 
decreases longitudinally through the reactor. Negative tCOD removal values indicate an 
increase in tCOD concentrations, which correspond with sampling points when sludge floated to 
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Figure A.3. System level sCOD removal and wastewater temperature. (a) Mean monthly sCOD 
removal with standard deviations graphed against wastewater temperature. sCOD removal 
increased with when wastewater temperatures and decreased when temperature decreased. (b) 
Linear regression between weekly mean sCOD removal measurements and wastewater 





















































Figure A.4. Effluent tCOD concentrations (all data points for C3 and C4) compared to the COD-
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Figure A.5. Effluent tCOD and wastewater temperature. (a) Mean monthly effluent tCOD 
concentration with standard deviations and wastewater temperature over time. (b) Linear 
regression between weekly mean effluent tCOD measurements and wastewater temperature. A 










Figure A.6. Box and whisker plot for TSS removal by compartment. The large number of outliers 
for C1 is a result of highly variable influent concentrations. The number of outliers decreases 
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Figure A.7. Effluent TSS concentrations (all data points) compared to the EPA 30-day 
secondary standard. Under warmer temperatures the bioreactor met effluent standards for TSS.     
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Figure A.8. Effluent TSS and wastewater temperature. (a) Mean monthly effluent TSS 
concentration with standard deviations and wastewater temperature over time. (b) Linear 
regression between weekly mean effluent TSS measurements and wastewater temperature. A 
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A.3. Supplemental Tables  
Table A.1. Mean reduction and 95% confidence intervals (CI) for key performance parameters 
by compartment of the anaerobic reactor system in different periods of the study. Values in red 




a Reduction is defined as the effluent from the previous compartment minus the effluent of the 
examined compartment (e.g., removal in C1 is the influent concentration minus C1’s effluent 
concentration). A negative value for mean reduction indicates an increase, or generation, of a 
variable with the reactor compartment.  
 
Table A.2. Measured acetate and sulfate concentrations in each reactor compartment of the ABR-
AFFR 
Variable  Influent  C1  C2  C3  C4             
Acetate (mg L-1) 37  21  46  25  44  25  47  24  N/A 
Sulfate (mg L-1)  59  9  31  9  17  8  12  7  8  6
Variable Reduction C1 C2 C3 C1 C2 C3
Mean 149.3 39.9 15.9 244.7 46.6 66.4
95% CI (53.7, 245.0) (11.9, 68.0) (9.5, 22.4) (135.2, 354.3) (32.5, 60.7) (51.7, 81.1)
p -value t-test 0.003 0.011 <0.001 <0.001 <0.001 <0.001
Mean 170.6 48.3 0.5 244.6 27.6 39.6
95% CI (81.9, 259.2) (25.8, 70.7) (-11.6, 12.6) (142.0, 347.2) (12.8, 42.5) (25.9, 53.3)
p -value <0.001 <0.001 0.778 <0.001 0.002 <0.001
Mean -21.2 -8.3 15.5 0.2 19.0 26.8
95% CI (-4.8, -37.7) (-28.3, 11.6) (3.6, 27.3) (-12.1, 12.4) (10.0, 27.9) (20.8, 32.8)
p-value 0.017 0.434 0.012 0.981 <0.001 <0.001
Mean 157.9 17.9 3.0 306.1 14.9 19.4
95% CI (58.3, 257.5) (12.2, 23.6) (1.3, 4.7) (138.3, 473.8) (7.3, 22.5) (12.5, 26.2)
p -value 0.004 <0.001 0.002 0.002 <0.001 <0.001









Period 1 (Days 0-180)
Variable Reduction C1 C2 C3 C4 C1 C2 C3 C4
Mean 271.2 47.3 26.3 22.3 170.5 32.9 27.6 16.7
95% CI (135.3, 407.1) (-5.6, 100.2) (21.1, 31.55) (18.9,  25.8) (124.9,  216.1) (24.7,  41.0) (21.8, 33.5) (12.8, 20.6)
p -value <0.001 0.091 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Mean 230.1 47.3 15.0 13.6 112.4 25.1 17.9 9.9
95% CI (102.8, 357.4) (-5.7, 100.2) (7.8, 22.2) (8.1, 19.1) (77.6, 147.2) (18.0, 32.1) (11.9, 23.8) (6.0, 13.8)
p -value 0.002 0.092 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Mean 41.1 0.1 11.3 8.7 58.1 7.8 9.8 6.8
95% CI (25.0, 57.2) (-6.7, 6.9) (4.5, 18.1) (2.9, 14.5) (44.0, 72.1) (3.7, 11.9) (7.0, 12.5) (3.8, 9.8)
p-value <0.001 0.982 0.003 <0.001 <0.001 <0.001 <0.001 <0.001
Mean 508.8 18.9 11.5 10.0 170.1 31.9 14.8 6.1
95% CI (236.6, 781.0) (8.6, 781.0) (8.4, 14.6) (7.4, 12.5) (13.0, 327.3) (25.2, 38.6) (11.8, 17.7) (3.8, 8.3)
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APPENDIX B 
 
SUPPORTING INFORMATION FOR ENERGY GENERATING POTENTIAL OF 
BIOLOGICALLY ENHANCED PRIMARY TREATMENT OF DOMESTIC  
WASTEWATER USING MULTIPLE-COMPARTMENT BIOREACTORS 
 
B.1. Supplemental Methods 
 The following section provides an in-depth description of the bioreactors characterized in 
Chapter 3, influent wastewater characteristics at Plum Creek Water Reclamation Authority 
(PCWRA) and Mines Park, standard methods used in this study, and dissolved methane 
methods used in this study.  
B.1.1. Reactor description 
ABR 1 was located in the unheated headworks of the PCWRA in Castle Rock, CO 
(elevation = 1,830 meters). PCWRA is a 6.44 MGD wastewater treatment facility located along 
the front range of the Rocky Mountains. Raw wastewater fed to the ABR first entered the 
unheated PCWRA headworks and was routed through a grinder sump pump and 8 mm screen. 
The de-gritted and screened wastewater was then routed to a continuously mixed 910-liter feed 
tank with a maximum detention time of 15 min. Influent wastewater was pumped to ABR 1’s first 
compartment via a Watson Marlow peristaltic pump at a rate of 1.2 L min-1 (1,738 L d-1) for the 
first 1,357 days of the study. After that, the pump rate was reduced to 0.6 L min-1 (869 L d-1). 
Each ABR 1 compartment was constructed with PVC sheets, which were reinforced with angle 
iron frames. ABR 1 was originally seeded with granular sludge from a mesophilic upflow 
anaerobic sludge blanket (UASB) receiving brewery waste.  
ABR 2 was located in an unheated barn at the Mines Park Wastewater Test Bed in 
Golden, CO (elevation = 1,730 meters). The Mines Park Wastewater Test Bed treated domestic 
wastewater from a 250-unit housing complex. Influent wastewater was first routed through a 
holding tank with a grinder pump prior to being pumped to the ABR-AFFR influent holding tank. 
The raw, unheated wastewater was fed to the ABR-AFFR reactor system at a rate of 0.5 L min-1 
via a Masterflex L/S digital drive peristaltic pump. Each compartment was constructed with 12” 
diameter PVC pipe N40. The large height-to-diameter ratio (12:1) was selected to enhance 
solids settling.  
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Section B.1.2. Relevant influent wastewater characteristics  
Characteristic      ABR 1    ABR 2 
Temperature (C)     12 – 23    11 – 24  
pH       6.5 – 7.2   6.8 – 7.2  
Alkalinity (mg L-1)     312  17   192  50 
Total Suspended Solids (mg L-1)    528  548   380  719 
Volatile Suspended Solids (mg L-1)   413  419   354  683 
Chemical Oxygen Demand (mg L-1)   833  664   549  260 
 Soluble COD (mg L-1)    168  41   209  42 
 Particulate COD (mg L-1)   664  648   340  234 
 Biodegradable COD (mg L-1)   473  195   358  240  
Biochemical Oxygen Demand (5-day) (mg L-1)  333  121   239  133 
 
Section B.1.3. Standard Methods. The below list contains methods used during this study. 
Test     Method Used 
Total Suspended Solids  2540.D 
Volatile Suspended Solids  2540.E 
Chemical Oxygen Demand Standard Method 5220.D using HACH Method 8000 TNT 
822 
Biochemical Oxygen Demand 5210.B 
Alkalinity    Hach Method 20239 TNTplus 870 (EPA compliant)   
 
Section B.1.4. dCH4 measurements for ABR 2  
The method described in Pfluger et al. (2011) was modified. In this study, water samples 
(approximately 25 mL) were withdrawn from an effluent sampling port located at the top of each 
reactor compartment directly into a 58-mL serum bottle, which was immediately crimp-sealed 
with a butyl rubber stopper. The bottle was subsequently shaken to allow methane to equilibrate 
between the gas phase and the aqueous phase. 
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Figure B.1. Schematic of pilot-scale multiple-compartment anaerobic reactor systems for the 
treatment of raw domestic wastewater. (a) ABR located at the Plum Creek Water Reclamation 
Authority in Castle Rock, CO (elevation = 1830 meters). (b) ABR-AFFR located at Mines Park 
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B.3. Supplemental Tables 
Table B.1. Uncertainty parameters for Monte Carlo Analysis. Theoretical and observed values 
were aggregated across reactor systems over two wastewater temperature ranges: warm 









SUPPORTING INFORMATION FOR LIFECYCLE COMPARISON OF MAINSTREAM 
ANAEROBIC BAFFLED REACTOR AND CONVENTIONAL ACTIVATED SLUDGE  
SYSTEMS FOR DOMESTIC WASTEWATER TREATMENT 
 
C.1. Approach for Modeling Treatment Configurations  
This section contains major assumptions and data sources used for modeling each 
treatment process. Included are system configurations and boundaries, a detailed description of 
the influent domestic wastewater used, approaches and assumptions for modeling each 
process, and relevant results.  
C.1.1. System Configurations, System Boundaries & General Assumptions 
 The following sections describe system configurations, system boundaries, and general 
assumptions used in this study.  
C.1.2. System Configurations and System Boundaries  
The following configurations were considered as part of this analysis: 
(1) Conventional Activated Sludge with Anaerobic Digestion (CAS/AnD) 
(2) Conventional Activated Sludge with Anaerobic Digestion of Primary Sludge and 
Aerobic Digestion of Waste Activated Sludge (CAS/AnD+AeD) 
(3) Anaerobic Primary Treatment with Aerobic Secondary Treatment and Anaerobic 
Digestion of Waste Activated Sludge (AnP/AeP+AnD) 
(4) Anaerobic Primary Treatment with Aerobic Secondary Treatment and Aerobic 
Digestion of Waste Activated Sludge (AnP/AeP+AeD) 
C.1.3. General Assumptions  
The following general assumptions were applied to all treatment scenarios:  
 1) Preliminary Treatment. Assumed that the same level of preliminary treatment was 
required for each treatment scenario, therefore, it was excluded from lifecycle analyses.  
 2) Advanced Phosphorus Removal. Assumed that advanced phosphorus removal (e.g. 
chemical precipitation or biological removal) from mainstream wastewater treatment would be 
needed in all scenarios to meet regulatory standards; therefore, it was excluded from lifecycle 
analyses.  
3) Advanced Nitrogen Removal. Assumed that no advanced nitrogen removal (e.g., 
nitrification/denitrification) from mainstream wastewater treatment as it would be needed in all 
scenarios to meet regulatory standards; therefore, it was excluded from lifecycle analyses. As 
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noted, nitrogen removal from biosolids centrifugation in the form of aerobic digestion with NaOH 
addition or annamox sidestream treatment was used in each treatment scenario. 
4) Heat and Electricity from Combined Heat and Power. Assumed that heat generated 
by CHP process was routed back to the anaerobic digester for each treatment scenario to 
maintain a 35 C digester temperature. Excess heat was assumed to be routed to heat 
buildings, which was outside of the system boundary and not included in lifecycle analyses. 
Produced electricity was assumed routed to the CAS process for the net energy balance. No 
excess electricity was produced in any scenario. 
5) Construction-phase Environmental Impacts. Assumed that construction-phase 
environmental impacts are negligible relative to lifecycle environmental impacts (Renou et al., 
2008; Smith et al., 2014). Construction-phase material costs were considered for lifecycle 
costing.  
 6) Sidestream Treatment. Treatment of effluent from biosolids dewatering (i.e., centrate) 
using anammox treatment was modeled for configurations not containing aerobic digestion to 
reduce nitrogen returned to the influent wastewater. Aerobic digestion with NaOH addition was 
assumed to stabilize biosolids and allow for oxidation of ammonia (Tarallo et al., 2015). 
 7) Fats, Oils, and Grease (FOG) – assumed that FOG is skimmed from the primary clarifier 
CAS/AnD and CAS/AnD+AeD scenarios and transported directly to the gravity belt thickener 
without a separate storage and treatment process.  
 8) Disinfection – assumed no disinfection included in the lifecycle analysis as a similar 
level of disinfection would be needed after secondary treatment in each configuration.  
C.1.4. Characteristics of Influent Domestic Wastewater 
Characteristics for influent raw domestic wastewater were determined from 400-day 
averages of observed wastewater characteristics at the Mines Park Wastewater Test Bed in 
Golden, CO. At this location, domestic wastewater was collected from a university housing 
complex with over 200 units. Wastewater characteristics at this location have been included in 
previous studies (D. Vuono et al., 2013). Prior to characterization, the domestic wastewater was 
subjected to preliminary treatment with a grinder pump. The observed wastewater strength is 
considered medium-high strength relative to domestic wastewater characteristics described in 











Figure C.1. (A) Processes and system boundary for CAS/AnD+AeD scenarios; (B) processes 














































































































Figure C.2. Treatment scenarios examined in this study. 
 
C.1.5. Anaerobic Primary Treatment  
 The following sections describe the approach, assumption, and sampling methods used 
for anaerobic primary treatment in this study. 
C.1.5.1. Approach  
Performance of anaerobic primary treatment of domestic wastewater was modeled 
based on pilot-scale data from two anaerobic baffled reactors, taken over a two-year period 
under varying temperatures and organic loading. Figure C.3 contains schematics for the pilot-
scale anaerobic systems. Table C.2 contains performance outputs for the reactor systems at 
two temperature conditions: 15 and 25 C. 
C.1.5.2. Assumptions 
The following assumptions were made concerning anaerobic primary treatment based 
on pilot-scale results: 
 1) Assume that no primary clarification was needed prior to anaerobic primary treatment.  
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 2) Assume this was a closed system, so no fugitive CH4 or CO2 escape to the 
atmosphere during this process. 
3) Assume that dissolved CH4 was transferred from the anaerobic primary treatment and 
was either (1) removed in the aerobic secondary treatment by biogenic (i.e., methanotrophic) 
activity in the aqueous phase, or (2) volatilized to the atmosphere in configurations with 
AnP/AeS.  
4) Assume that biosolids generated were not wasted as in traditional primary 
clarification. No requirement to waste solids was observed over several years of pilot-scale ABR 
operation (Hahn & Figueroa, 2015). However, periodically, a small volume of solids was 
observed in the pilot-scale ABR effluent water, which was assumed to be transferred and 
consumed in the aerobic secondary process AnP/AeS+AnD and AnP/AeS+AeD scenarios.  
C.1.5.3. Sampling Methods.  
Measurements for COD and TSS were taken according to Standard Methods (APHA, 
AWWA, 2005). Measurements for biogas flowrate and methane production were taken 
according to the methods described in Hahn & Figueroa (2015). Dissolved methane was taken 
according to the methods described in Pfluger et al., 2011. 
 
Table C.1. Composition of untreated domestic wastewater used as wastewater treatment facility 
influent.  
Contaminant     Unit   Concentration   
Total Solids (TS)    mg L-1   980 
Total Dissolved Solids (TDS)   mg L-1   680 
 Fixed     mg L-1   410 
 Volatile     mg L-1   270 
Total Suspended Solids (TSS)   mg L-1   285 
 Fixed     mg L-1   20 
 Volatile (VSS)    mg L-1   265 
Settleable Solids    mg L-1   14 
Biochemical Oxygen Demand (5-day)  mg L-1   240 
Total Organic Carbon (TOC)   mg L-1   190 
Chemical Oxygen Demand (COD)  mg L-1   585 
 Total Biodegradable COD  mg L-1   435 
 Soluble Biodegradable COD  mg L-1   238 
 Particulate Biodegradable COD mg L-1   197 
 Inorganic COD    mg L-1   150 
 Soluble Inorganic COD  mg L-1   82 
 Particulate Inorganic COD  mg L-1   68 
Nitrogen, Total     mg L-1   50 
 Organic    mg L-1   15 
 Free Ammonia    mg L-1   35 
 Nitrates    mg L-1   0 
 Nitrites     mg L-1   0 
 142 
Table C.1. Continued.  
Phosphorus, Total    mg L-1   4 
 Organic    mg L-1   1.5 
 Inorganic    mg L-1   2.5 
Chlorides     mg L-1   68 
Sulfate      mg L-1   60 
 
Note: sidestream treatment centrate from biosolids dewatering using anammox was modeled to 
reduce the return load of ammonia and COD for configurations without aerobic digestion. 
Sidestream treatment design is described in Section SI 1.K. Post side-stream treatment, the 
influent wastewater experienced < 5% increase in ammonia and COD to meet specifications in 





Figure C.3. Schematic of pilot-scale anaerobic reactor systems used for modeling of anaerobic 
primary treatment of domestic wastewater. (A) Mines Park Wastewater Test Bed Reactor 
System. The reactor system consisted of three cylindrical compartments with a height-diameter 
ratio of 12:1, each with a volume of 230 liters. The fourth compartment is an anaerobic fixed film 
reactor with a height-diameter ratio of 4:1 with a volume of 80 liters. The system treated a total 
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Figure C.3. Continued. (B) Plum Creek Wastewater Reclamation Authority Anaerobic Baffled 
Reactor. The reactor system consisted of four rectangular compartments, each of which were 
1.22 m high and 0.457 m wide and long. The total hydraulic volume was 869 liters. The system 
treated 1,728 liters of domestic wastewater per day and had a total hydraulic retention time of 
12 hours. 
 
Table C.2.A. Performance of anaerobic primary treatment of domestic wastewater used for 
modeling Configurations 3 and 4 as determined by Crystal Ball Predictor. Values taken over a 
two-year period from both reactor systems were entered into Crystal Ball Predictor for predictive 
analysis (60 forecast periods) and for determination of minimum (i.e., low-end), mean, and 
maximum (i.e., high end) values for follow-on analyses. Results were linearly scaled from pilot-
scale flowrates to model performance of a reactor system treating 5 MGD (18,925 m3 d-1).  
 
Crystal Ball Predictor Results for Anaerobic Primary Treatment 
Effluent Value  Units   Minimum Mean   Maximum  Std. Deviation 
tCOD (25 C)  mg L-1     109.00  172.14  232.00  32.23 
tCOD (15 C)  mg L-1   174.00  249.53  324.00  39.87 
TSS (25 C)  mg L-1  14.95  30.08  43.89  7.85 
TSS (15 C)  mg L-1  22.40  41.05  63.45  10.95 
Gas CH4 (25 C) L hr=1  1.81  2.76  3.30  0.54 
Gas CH4 (15 C) L hr=1   1.70  1.98   2.47  0.29 
Dissolved CH4 (25 C) L hr=1  0.69  1.05  1.25  0.21 
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Table C.2.B. Additional performance metrics from anaerobic primary treatment used for 
modeling AnP/AeS+AnD and AnP/AeS+AeD scenarios.  
 
Contaminant Removal   Unit   Effluent Concentration   
       15 C  25 C 
NH4     mg N/L   35  35 
NO3 + NO2    mg N/L   0  0 
Phosphorus    mg/L   4  4 
 
The following relationships were also used for modeling: 
(1)  tCOD / BOD5 = 2.27      [Observed relationship] 
(2) biodegradable COD (bCOD) = 1.47 * BOD5    [Tchobanoglous et al. 2003] 
(3) When assumed consumed (i.e., not volatilized) dissolved methane was converted to 
soluble COD using a COD-to-weight ratio of 4.0.         
 
C.1.6. Primary Clarification 
 The following sections describe the approach and assumptions used for the primary 
clarification process of this study.   
C.1.6.1. Approach.  
Primary clarification was used in CAS/AnD and CAS/AnD+AeD scenarios. Clarifier 
design included 2 rectangular clarifiers with a total volume of 1900 m3, total surface area of 475 
m2, and a sidewater depth of 4 m. The detention time was 2.4 hours and the surface overflow 
rate was 40 m3 m-2 d-1. The underflow rate was 200 m3 d-1. The sludge specific gravity was 
assumed to be 1.05. All values were validated using Tchobanoglous et al. (2003) Section 5-7 
and modeled in BioWin 5.2. 
C.1.6.2. Assumptions.  
The following assumptions were made concerning primary clarifier performance based 
on Tchobanoglous et al. (2003). 
 1) % TSS removal = 60% 
 2) % BOD and % COD removal = 37% 
 
C.1.7. Conventional Activated Sludge for BOD Removal & Secondary Clarification 
 The following sections describe the approach and assumptions used for the 
conventional activated sludge process of this study.   
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C.1.7.1. Approach.  
A single-stage, complex-mix activated sludge reactor with mechanical aeration for BOD 
removal (i.e., without nitrification/denitrification) was used regardless of whether primary 
clarification or anaerobic primary treatment was used. Bioreactor performance and aeration 
basin energy use was determined via modeling in BioWin 5.2. 
C.1.7.2. Assumptions.  
The following assumptions were made concerning bioreactor modeling and 
performance. Performance parameters were determined from Tchobanoglous et al. (2003) or 
from default performance parameters in BioWin 5.2. 
 1) Bioreactor dimensions: 
Total volume = 20,000 m3 
Total surface area = 4444.4 m2 
Depth = 4.5 m 
Width = 4.0 m 
2) Diffused aeration: 
Aeration factors: 
Alpha = 0.65 
Beta = 0.95 
kW needed for mixing determined by BioWin (W m-3) 
DO set point = 2.0 mg L-1 
Diffuser density = 10% 
Number of diffusers = 10,840 
3) SRT = 3 days 
4) Recycle ratio of waste activated sludge = 0.5  
5) BioWin Version 5.2 default kinetic parameters were used for microbial modeling 
6) Secondary clarifier characteristics: 
Total volume = 3440 m3 
Total surface area = 860 m2 
Depth = 4.0 m 
Surface overflow rate = 22 m3 m-2 d-1 
Underflow rate = 680 m3 d-1 
7) Emissions. The following emissions factors were appended to SimaPro 8.0.3.14. 
(Heimersson et al., 2016) 
CO2: 1.375 kg CO2 per kg BOD removed. 
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CH4: 0.1 x 0.25 kg CH4 per kg COD removed. 
N2O: emissions were assumed negligible because nitrification/denitrification was 
not accounted for in bioreactor performance. 
 
C.1.8. Sludge Thickening 
 The following sections describe the approach and assumptions used for the sludge 
thickening process of this study.   
C.1.8.1. Approach.  
Sludge was assumed to be thickened using a gravity belt-press thickener (GBT) with 
acrylonitrile polymer addition prior to digestion for all scenarios. For CAS/AnD and 
CAS/AnD+AeD scenarios, primary sludge was assumed to be mixed with WAS prior to 
thickening. Polymer was dosed at a rate of 5 g per kg of dry solids (Smith et al., 2014). Polymer 
addition was assumed to produce a 3% dry solids content in the sludge. One gravity belt-press 
thickener was required for each configuration except for CAS/AnD+AeD scenarios, where two 
were required (i.e., one for primary sludge prior to anaerobic digestion, and one for WAS prior to 
aerobic digestion).  
C.1.8.2. Assumptions.  
The following assumptions were made concerning gravity belt-filter press thickener 
modeling and performance: 
 1) Fats, oils, and grease (FOG) was assumed to be transported directly to the thickening 
unit from the primary clarifier without prior treatment.  
 2) Assumed that 5% of the sludge entering the GBT is returned to the primary clarifier as 
filtrate. Assumed that 95% of the sludge flow was thickened and routed to a digester unit 
(Section 14.6, Tchobanoglous et al. ((2003)). 
 3) Energy required for the GBT operation was calculated using Supplemental Equation 1 
(see SI Section 4), which was derived from CAPDETWorks and provided in Smith et al. (2014).  
 4) Energy required for upstream mixers was modeled using the approach described in 
Section 5-4 of Tchobanoglous et al. (2003) using the following assumptions:  
Dynamic viscosity: 
0.001139 N-s m-2 at 15 C  
0.00089 N-s m-2 at 25 C 
G (sec-1) = 75 
Tank volume calculated to hold 4 hours of sludge (varied by configuration) 
 5) Emissions. The following emissions factors were appended to SimaPro 8.0.3.14. 
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CO2 from polymer: 2.62 kg CO2-eq per kg polymer added (Parravicini et al., 
2016).  
CH4: 173 mg CH4 per m3 of influent slurry (Oshita et al., 2014). 
N2O: 28.2 mg N2O per m3 of influent slurry (Oshita et al., 2014).  
 
C.1.9. Anaerobic Digestion  
 The following sections describe the approach and assumptions used for the anaerobic 
digestion process of this study.   
C.1.9.1. Approach.  
Anaerobic digestion of biosolids was used in CAS/AnD, CAS/AnD+AeD, and 
AnP/AeS+AnD scenarios for stabilization of biosolids and generation of biogas. A single-stage, 
high-rate, complete-mix digester was assumed for all scenarios. The approach for modeling a 
cylindrical anaerobic digester was the same for each scenario; however, the size of the digester 
(i.e., digester dimensions of diameter and sidewater depth) and heating requirements to 
maintain mesophilic conditions (35 C) changed with each configuration based on the volume of 
sludge treated. Parameters for modeling heat requirements were based on the sludge capacity 
of the digester, the specific heat of the sludge, and the heat lost to the walls, roof, and floor. 
Digesters were designed based on parameters in Tchobanoglous et al. (2003) for an above-
ground, plain concrete digester with floating cover.  
C.1.9.2. Assumptions.  
The following assumptions were made concerning anaerobic digestion modeling and 
performance: 
 1) Class B biosolids are achieved after 18 days of digestion at 35 C 
 2) Specific gravity of the sludge = 1.02 
 3) VS reduction = 0.7 
 4) % moisture of thickened solids = 97% 
 5) Yield (kg VSS kg-1 bCOD) = 0.08 
 6) Kd (d-1) = 0.03 
 7) Specific heat of the sludge (J kg-1 C-1) = 4200 
 8) % CH4 in the biogas = 65% 
 9) Energy content of the biogas (kWh m-3) = 0.365 
 10) Ambient Temperatures for 15 C Scenario: 
Earth Temperature (C) = 10 
Air Temperature (C) = 0 
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Incoming Sludge Temperature (C) = 10   
11) Ambient Temperatures for 25C Scenario: 
Earth Temperature (C) = 15 
Air Temperature (C) = 17 
Incoming Sludge Temperature (C) = 15 
12) Heat Loss Coefficients:  
Walls with insulation (w m-2 C-1) = 0.7 (plain concrete walls above ground, 300 
mm thick with insulation) 
Floor in contact w/ earth (w m-2 C-1) = 2.85 (plain concrete floor, 300 mm thick in 
contact with moist earth) 
Floating cover w/ insulation (w m-2 C-1) = 0.95 (floating cover with 25 mm 
insulating board installed under roofing) 
Heat exchanger (w m-2 C-1) = 1.2 
13) Electricity to heat digesters was offset by heat produced by CHP. A tube-in-tube heat 
exchanger was assumed for each configuration.  
14) Energy required for mixing and pumping was calculated using energy use factors 
described in Section C4.  
15) Emissions. The following emissions factors were appended to SimaPro 8.0.3.14. 
Assume no N2O emissions from anaerobic digestion process (Heimersson et al., 
2016). 
Assume 0.3% of methane produced is lost as fugitive emissions (Brown et al., 
2010). 
     
C.1.10. Aerobic Digestion  
 The following sections describe the approach and assumptions used for the aerobic 
digestion process of this study.   
C.1.10.1. Approach.  
Aerobic digestion of biosolids was used in CAS/AnD+AeD and AnP/AeS+AeD scenarios 
for stabilization of waste activated sludge. A conventional air aerobic digester was assumed for 
all scenarios. The approach for modeling the rectangular digester was the same for each 
configuration; however, the size of the digester (i.e., width and depth) changed with each 
configuration based on the volume of biosolids produced. Digesters were designed based on 
parameters described in Section 14-10 of Tchobanoglous et al. (2003) for aerobic digesters and 
modeled in BioWin 5.2. 
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C.1.10.2. Assumptions.  
The following assumptions were made concerning aerobic digestion modeling and 
performance: 
 1) Target minimum VS reduction (winter, summer) = 40% 
 2) Minimum SRT = 60 days 
 3) Specific gravity of the sludge = 1.02 
 4) Sludge concentration in digester (%) = 0.7 
 5) Reaction rate coefficient (d-1) = 0.06 
 6) Mechanical aeration: 
Aeration factors: 
Alpha = 0.50 
Beta = 0.95 
kW needed for mixing determined by BioWin 5.2 (W m-3) 
Oxygen requirements (lb O2 lb-1 VSS) = 2.5 
DO set point = 2.0 mg L-1 
Diffuser density = 10% 
7) BioWin 5.2 default kinetic parameters were used for microbial modeling 
 8) NaOH was added at a rate of 325 gal d-1 to ensure nitrification within the aeration 
basin (Tarallo, 2014). 
 9) Energy required for aeration was calculated using energy use factors described in 
Section C.4.  
 10) Emissions. No CH4, CO2, or N2O emissions were appended to SimaPro 8.0.3.14 as 
each were assumed to be negligible (Brown et al., 2010).  
 
C.1.11. Combined Heat & Power  
 The following sections describe the approach and assumptions used for the combined 
heat and power process of this study.   
C.1.11.1. Approach.  
CHP was used to generate electricity and heat for each configuration. CHP was 
modeled using the design specifications for a Capstone C65 65-kW microturbine. Electricity 
generated was assumed routed to the activated sludge process to offset electricity use and 
environmental impacts in SimaPro 8.0.3.14. Produced heat was used to heat the anaerobic 
digester physical structure and sludge to 35 C for CAS/AnD, CAS/AnD+AeD, and 
AnP/AeD+AnD scenarios. Excess heat was used to heat buildings and other physical 
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structures, which was assumed outside of the system boundaries for each configuration. To 
protect CHP equipment, a digester gas treatment system including a dryer tower and activated 
carbon system with KOH addition was designed to remove moisture, siloxanes, and H2S. 
Excess digester biogas was assumed to be stored in a low-pressure gas storage tank prior to 
combustion in the CHP process. 
C.1.11.2. Assumptions.  
The following assumptions were made concerning CHP modeling and performance: 
1) Heat and electrical conversion efficiency = 29% (Capstone, 2017). 
2) Assumed 1000 lbs (453.5 kg) of desiccant was required for the dryer tower in each 
treatment scenario (Van Gas Technologies, 2017).  
3) Activated carbon system for siloxane control was designed based on specifications for 
the Alvarado WWTP described in Kalogo & Monteith, 2008. 
4) Ratio of KOH applied to the granular activated carbon system for H2S control was 1:1 
(mass-to-mass).  
5) Granular activated carbon regeneration was modeled based on adsorption isotherms 
described in Tchobanoglous et al. (2003) Section 11-7 using the following parameters: 
Field breakthrough adsorption capacity (x/m) = 500 (Bandosz, 2002). 
Mass of carbon (g) = 65,000 
Initial contaminant concentration = 1000 ppm 
Breakthrough concentration = 2 ppm  
6) Blower energy was modeled after the performance of a centrifugal blower 
(Greenheck, 2017). 
7) Emissions. The following emissions factors were appended to SimaPro 8.0.3.14 
(Darrow et al., 2015). 
No fugitive biogas emission occurred during the biogas transport and storage 
process. 
NOx: 0.17 lb NOx MWh-1  
CO: 0.25 lb CO MWh-1  
VOC: 0.05 lb VOC MWh-1  
CO2: 1680 lb CO2 MWh-1  
 
C.1.12. Biosolids Dewatering (Centrifugation)  
 The following sections describe the approach and assumptions used for the biosolids 
dewatering process of this study.   
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C.1.12.1. Approach.  
Biosolids were assumed to be dewatered using centrifugation with acrylonitrile polymer 
addition after digestion for all scenarios. Polymer was dosed at a rate of 5 g per kg of dry solids 
(Smith et al. 2014). Centrifuge dewatering was assumed to produce a cake with 20% solids. 
C.1.12.2. Assumptions.  
The following assumptions were made concerning sludge dewatering modeling and 
performance: 
 1) Assumed that 5% of the sludge entering the centrifuge is returned to the primary 
clarifier as filtrate. Assumed that 95% of the sludge flow was dewatered prior to storage, 
transportation, and land application (Section 14.13, Tchobanoglous et al. (2003)).  
2) Energy required for centrifuge operation was calculated using Supplemental Equation 
3 (see SI Section 4), which was derived from CAPDETWorks and provided in Smith et al. 
(2014).  
 3) Energy required for upstream mixers was modeled using the approach described in 
Section 5-4 of Tchobanoglous et al. (2003) using the following assumptions:  
Dynamic viscosity: 
0.001139 N-s m-2 at 15 C  
0.00089 N-s m-2 at 25 C 
G (sec-1) = 75 
Tank volume calculated to hold 4 hours of sludge (varied by configuration) 
 4) Emissions. The following emissions factors were appended to SimaPro 8.0.3.14. 
CO2 from polymer: 1.18 kg CO2-eq per kg polymer added (Parravicini et al. 2016). 
CH4: 384 mg CH4 per m3 of influent slurry (Oshita et al., 2014). 
N2O: 7.0 mg N2O per m3 of influent slurry (Oshita et al., 2014).   
 
C.1.13. Sidestream Treatment 
 The following sections describe the approach and assumptions used for the sidestream 
treatment process of this study.   
C.1.13.1. Approach.  
A single-stage, sequencing batch reactor (SBR) anammox system was assumed to treat 
centrate from centrifugation for configurations without aerobic digestion prior to reintroduction to 
the influent wastewater stream. Anammox system design was based on parameters described 
in (Lackner et al., 2014). 
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C.1.13.2. Assumptions.  
The following assumptions were made concerning sidestream treatment modeling and 
performance (Lackner et al. 2014): 
 1) Additional pH control is not required  
 2) Changes in temperature do not affect anammox reactor performance 
 3) Conservatively assume no solids accumulation from the centrate waste stream within 
the anammox reactor.  
 4) Assume 88% reduction in NH4-N in the anammox reactor  
 5) Reactor volume was varied based on centrate return flow according to real-world SBR 
plants surveyed in Lackner et al. (2014)  
 6) HRT = 60 hours 
 7) Energy use = 1.2 kWh kg-1 N treated 
 
C.1.14. Biosolids Storage, Transportation, and Land Application  
 The following sections describe the approach and assumptions used for the biosolids 
storage, transportation, and land application processes of this study.   
C.1.14.1. Approach.  
Prior to land application, stabilized biosolids were stored on-site for an assumed 
maximum of five days in a covered building. Biosolids were then hauled and land applied. For 
environmental impacts, an offset credit for avoiding use of chemical fertilizer land application 
was incorporated for nitrogen and phosphorus.  
C.1.14.2. Assumptions.  
The following assumptions were made concerning sludge storage, transportation, and 
land application modeling and performance: 
 1) Total hauling distance of 50 km was assumed for land application (Foley et al., 2010). 
 2) Diesel fuel was consumed at a rate of 0.73 kg per dry ton of biosolids land applied 
(Smith et al., 2014).  
 3) An artificial fertilizer offset credit of 0.0196 g N and 0.0274 g P per gram of VSS 
biosolids land applied was included in the environmental impact analysis (Hospido et al., 2010). 
 4) Energy use = 58.5 kWh per ton of dry solids land applied (Hospido et al., 2005; Smith 
et al., 2014). 
 5) Emissions. The following emissions factors were appended to SimaPro 8.0.3.14. 
CH4: 0.0091 kg CH4 m-3 sludge per day (Heimersson et al., 2016) 
N2O: 0.00043 kg N2O m-3 sludge per day (Heimersson et al., 2016) 
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C.1.15. Solids Balances 
Table C.3. Example solids balances for 25 C scenarios.  
Solids Balance – CAS/AnD (25 C) 
Process 
Solids In (kg 
d-1) 
Solids Out 
(kg d-1) Next Process 
(1) Influent Wastewater 5394.2 5394.2 (2) Conventional Activated Sludge 
(2) Conventional Activated Sludge 5394.2   (3) Sludge Thickening 
  
3114.7         (3.A) Primary Clarifier Sludge 
2783.2         (3.B) Waste Activated Sludge 
3376.5 Solids Generated / Retained in CAS 
2783.2 Return Activated Sludge 
89.73 Effluent Water - Out of System Boundary 
(3) Sludge Thickening  5897.8 5602.9 (4) Anaerobic Digestion  
  298.4 
(1) Filtrate Return flow to Influent 
Wastewater 
(4) Anaerobic Digestion 5602.9 3603.0 (5) Sludge Dewatering 
  1999.9 
Volatile Solids Reduction in Anaerobic 
Digestion 
(5) Sludge Dewatering  3603.0 180.2 (6) Centrate to Sidestream Treatment 
  3422.9 (7) Hauling & Land Application 
(6) Sidestream Treatment 180.2 180.2 (1) Return flow to Influent Wastewater 
(7) Hauling & Land Application 3422.9 3422.9 
Land Application - Out of System 
Boundary 
 
Solids Balance – CAS/AnD+AeD (25 C) 
Process 
Solids In (kg 
d-1) 
Solids Out 
(kg d-1) Next Process 
(1) Influent Wastewater 5394.2 5394.2 (2) Conventional Activated Sludge  
(2) Conventional Activated Sludge 5394.2   (3) Sludge Thickening 
  
3114.7        (3.A) Primary Clarifier Sludge 
2783.2        (3.B) Waste Activated Sludge 
3376.5 Solids Generated / Retained in CAS 
2783.2 Return Activated Sludge 
89.7 Effluent Water - Out of System Boundary 
(3.A) Sludge Thickening (Primary 
Sludge) 3114.7 2958.9 (4) Anaerobic Digestion  
  155.7 
(1) Filtrate Return flow to Influent 
Wastewater 
(4) Anaerobic Digestion 2958.9 1902.8 (5) Aerobic Digestion 
  1056.2 
Volatile Solids Reduction in Aerobic 
Digestion 
(3.B) Sludge Thickening (WAS) 2783.2 2644.0 (5) Aerobic Digestion 
  139.2 
(1) Filtrate Return flow to Influent 
Wastewater 
(5) Aerobic Digestion 4546.8 3186.7 (6) Sludge Dewatering 
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Table C.3. Continued. 
  1360.1 
Volatile Solids Reduction in Anaerobic 
Digestion 
(6) Sludge Dewatering  3186.7 3027.4 (7) Hauling & Land Application 
  159.3 
(1) Centrate Return flow to Influent 
Wastewater 
(7) Hauling & Land Application 3027.4 3027.4 
Land Application - Out of System 
Boundary 
 
Solids Balance – AnP/AeS+AnD (25 C, dCH4 removal) 
Process 
Solids In (kg 
d-1) 
Solids Out 
(kg d-1) Next Process 
(1) Influent Wastewater 5394.2 5394.2 (2) Anaerobic Primary 
(2) Anaerobic Primary 5394.2 569.5 (3) Aerobic Secondary 
  4824.7 
Volatile Solids Reduction in Anaerobic 
Primary 
(3) Aerobic Secondary 569.5 1866.4 (4) Sludge Thickening 
  
1866.4 Returned Activated Sludge 
548.7 Solids Generated / Retained in CAS 
20.8 Effluent Water - Out of System Boundary 
(4) Sludge Thickening  1866.4 1773.1 (5) Anaerobic Digestion  
  93.3 
(1) Filtrate Return flow to Influent 
Wastewater 
(5) Anaerobic Digestion 1773.1 1140.2 (6) Sludge Dewatering 
  632.9 
Volatile Solids Reduction in Anaerobic 
Digestion 
(6) Sludge Dewatering  1140.2 57.0 (7) Centrate to Sidestream Treatment 
  1083.2 (8) Hauling & Land Application 
(7) Sidestream Treatment 57.0 57.0 
(1) Centrate Return flow to Influent 
Wastewater 
(8) Hauling & Land Application 1083.2 1083.2 
Land Application - Out of System 
Boundary 
 
Solids Balance – AnP/AeS+AeD (25 C, dCH4 removal) 
Process 
Solids In (kg 
d-1) 
Solids Out 
(kg d-1) Next Process 
(1) Influent Wastewater 5394.2 5394.2 (2) Anaerobic Primary 
(2) Anaerobic Primary 5394.2 569.5 (3) Aerobic Secondary 
  4824.7 
Volatile Solids Reduction in Anaerobic 
Primary 
(3) Aerobic Secondary 569.5 1866.4 (4) Sludge Thickening 
  
1866.4 Return Activated Sludge 
548.7 Solids Generated / Retained in CAS 
20.8 Effluent Water - Out of System Boundary 
(4) Sludge Thickening  1866.4 1773.1 (5) Aerobic Digestion  
  93.3 
(1) Filtrate Return flow to Influent 
Wastewater 
(5) Aerobic Digestion 1773.1 1049.6 (6) Sludge Dewatering 
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Table C.3. Continued. 
  723.4 
Volatile Solids Reduction in Aerobic 
Digestion 
(6) Sludge Dewatering  1049.6 997.1 (7) Hauling & Land Application 
  52.5 
(1) Centrate Return flow to Influent 
Wastewater 
(7) Hauling & Land Application 997.1 997.1 
Land Application - Out of System 
Boundary 
 
C.2. Uncertainty and Sensitivity Analysis  
 The following sections describe the sensitivity analysis workflow used in this study and 
uncertainty in dissolved methane emissions.  
C.2.1. Sensitivity Analysis Workflow. 
Figure C.4 describes the uncertainty and sensitivity analysis workflow used in this study. 
Table C.4 provides probability distribution and uncertain values for an example scenario, 
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Figure C.4. Continued. (B) Uncertainty and sensitivity analysis workflow for conventional 
activated sludge-based configurations.  
 
Table C.4. Monte Carlo Simulation Probability Distribution and Uncertainty Values for Net 
Energy Balance (NEB), Environmental Lifecycle Assessment (LCA), and Lifecycle Costing 
(LCC). Example values are from the AnP/AeS+AnD 25 C, dCH4 volatilization scenario. For the 
LCC, only capital costs, not annual O&M costs for each category, are displayed; however, 
operation, maintenance, material, and chemical costs for each modeled process were also 
subjected to uncertainty analysis using a triangular or uniform distribution, as appropriate. 
Processes modeled using a normal distribution are not shown. Monte Carlo analysis was run for 
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C.2.2. Uncertainty in dCH4 emissions.  
dCH4 capture is not possible with current technology; therefore, low-end and mean-
values are assumed to be 0% dCH4 capture and 0% energy recovery. The high-end value 
represents a future scenario where 100% dCH4 is captured and energy recovered.   
 
C.3. Environmental Impacts 
Environmental impacts were characterized using SimaPro 8.0.3.14 and method TRACI 
2.1 V1.00 for the following impact categories: acidification (kg SO2-eq), carcinogens (CTUh), 
ecotoxicity (CTUe), eutrophication (kg N-eq), fossil fuel depletion (MJ surplus), global warming 
(kg CO2-eq), non-carcinogens (CTUh), ozone depletion (kg CFC-11-eq), respiratory effects (kg 
PM2.5-eq), smog (kg O3-eq).  
Figures that depict environmental impacts from CAS/AnD+AeD, AnP/AeS+AnD, and 
AnP/AeS+AeD scenarios to the baseline configuration, CAS/AnD, are included in this section. 
Specifically, Figure C.5.A compares 25 C and Figure C.5.B depicts 15 C scenarios. Figure 
C5.C compares CAS/AnD scenarios to the CAS/AnD 25 C scenario. Figure C.5.D compares 
AnP/AeS+AnD scenarios to the AnP/AeS+AnD 25 C scenario.  
 
 
Figure C.5.A. Environmental impacts compared by impact category (TRACI 2.1 V1.0) for 
configurations at 25◦C. Values for CAS/AnD+AeD, AnP/AeS+AnD, and AnP/AeS+AeD 
scenarios are normalized to impacts from the baseline scenario, CAS/AnD. The dashed line 
represents CAS/AnD emissions (i.e., emissions factor of 1 for all impact categories). Error bars 
represent 10th and 90th percentiles from uncertainty analysis (50,000 Monte Carlo simulations). 
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Figure C.5.B. Environmental impacts compared by impact category (TRACI 2.1 V1.0) for 
configurations at 15◦C. Values for CAS/AnD+AeD, AnP/AeS+AnD, and AnP/AeS+AeD 
scenarios are normalized to impacts from the baseline scenario, CAS/AnD. The dashed line 
represents CAS/AnD emissions (i.e., emissions factor of 1 for all impact categories). Error bars 
represent 10th and 90th percentiles from uncertainty analysis (50,000 Monte Carlo simulations). 
Non-carcinogens and ozone depletion are not depicted.  
 
 
Figure C.5.C. Environmental impacts compared by impact category (TRACI 2.1 V1.0) for 
CAS/AnD 25 C and 15 C scenarios to the CAS/AnD 25 C scenario. The line at “1” along the 
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Figure C.5.D. Environmental impacts compared by impact category (TRACI 2.1 V1.0) for 
AnP/AeS+AnD 25 C and 15 C scenarios to the AnP/AeS+AnD 25 C scenario. The line at  
1” along the y-axis represents AnP/AeS+AnD (25 C) emissions (i.e., emissions factor of 1 for 
all impact categories). Global warming impacts are removed so that other impact categories can 
be better visualized. 
 
C.4. Net Energy Balance 
Energy use factors (kWh per m3 of wastewater, biosolids, or biogas) were determined for 
each process examined from various sources, to include the Plum Creek Water Reclamation 
Authority located in Castle Rock, CO (a 4.2 MGD WWTF) (see Table C.5). In addition to energy 
use factors, Equations C1-C3 were used to determine electricity use from the gravity belt 
thickener, sludge mixing, and centrifuge dewatering. Several processes that use electricity were 
not included in the NEB because they were assumed to be the same for each configuration, to 
include building HVAC and lighting. Electricity generated by CHP was used to offset average 
U.S. electricity from the grid. Heat generated by CHP was used to heat anaerobic digesters to 
35 C. All excess heat was routed outside of the system boundary and not considered as part of 
the NEB. Produced electricity was assumed routed to the CAS process. No excess electricity 
was produced in any scenario. Nonelectrical energy demands, such as demands from biosolids 
transportation and land application (e.g., diesel fuel use) were not included in the NEB, but were 
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subjected to uncertainty and sensitivity analyses. Results for the sensitivity analysis are 
depicted in Table C.6. While not all sources of electricity are accounted for in the NEB, seasonal 
trends in electricity use is similar to observed electricity use at the Plum Creek Water 
Reclamation Authority in Castle Rock, CO. 
 
Equation C1 – Gravity Belt Thickener Energy Equation (Smith et al., 2014; Hospido et al., 
2010).  
� ����������� ������ ��ℎ� = ,  ��ℎ� (� ����,���)0.. ����   
 
 
Equation C2 – Mechanical Mixing Energy Equation (Tchobanoglous et al., 2003).  � =  � ��       
Where:  G = average velocity gradient (s-1) 
   P = power requirement (W) 
   = dynamic viscosity (N s m-2) 
  V = volume (m3) 
 
 
Equation C3 – Centrifuge Dewatering Energy Equation (Smith et al., 2014; Hospido et al., 
2010).   







Table C.5. Energy use factors used in this study normalized to kWh m -3 of wastewater or sludge 




Table C.6.A. Sensitivity analysis for net energy balance for CAS/AnD and CAS/AnD+AeD 
scenarios. The coloration on the heat map indicates how sensitive a process is to the overall 
NEB. Green values (negative numbers) indicate sensitivity to on-site energy or heat generation 
by CHP. Yellow values indicate that a process does not substantially affect the net energy 
balance. Increasing positive numbers (orange and red) indicate increased energy use and 

















Aerobic digestion -- -- 0.21 0.15
Anaerobic digestion heating 0.24 0.42 0.15 0.29
Anaerobic digestion mixing 0.02 0.04 0.01 0.02
Anaerobic digestion pumping (transfer, etc.) 0.15 0.19 0.06 0.08
Anaerobic primary treatment -- -- -- --
Aeration basin (bioreactor) 0.83 0.61 0.91 0.79
Primary clarifier & influent pumping 0.04 0.03 0.03 0.04
RAS pumps 0.01 0.01 0.02 0.02
Secondary clarifiers 0.01 0.01 0.00 0.01
WAS pumps 0.03 0.04 0.03 0.04
CHP blower energy 0.00 -0.01 0.00 0.00
CHP Energy Production - anaerobic digestion -0.31 -0.38 -0.18 -0.26
CHP Energy Production - anaerobic primary -- -- -- --
CHP Heat Production - anaerobic digestion electricity use offset -0.24 -0.42 -0.14 -0.29
Hauling & land application 0.05 0.06 0.05 0.06
Mixing prior to dewatering 0.00 0.01 0.00 0.00
Mixing prior to thickening 0.02 0.02 0.02 0.02
Sidestream treatment 0.04 0.04 -- --
Sludge dewatering 0.13 0.14 0.14 0.19






Table C.6.B. Sensitivity analysis for net energy balance for AnP/AeS+AnD. The coloration on 
the heat map indicates how sensitive a process is to the overall NEB. Green values (negative 
numbers) indicate sensitivity to on-site energy or heat generation by CHP. Yellow values 
indicate that a process does not substantially affect the net energy balance. Increasing positive 




Table C.6.C. Sensitivity analysis for net energy balance for AnP/AeS+AeD. The coloration on 
the heat map indicates how sensitive a process is to the overall NEB. Green values (negative 
numbers) indicate sensitivity to on-site energy or heat generation by CHP. Yellow values 
indicate that a process does not substantially affect the net energy balance. Increasing positive 




C, 100% dCH4 volatilization 25
◦
C, 100% dCH4 removal 15
◦
C, 100% dCH4 volatilization 15
◦
C, 100% dCH4 removal
Process
Aerobic digestion -- -- -- --
Anaerobic digestion heating 0.01 0.02 0.02 0.03
Anaerobic digestion mixing 0.02 0.02 0.03 0.03
Anaerobic digestion pumping (transfer, etc.) 0.13 0.14 0.17 0.17
Anaerobic primary treatment 0.14 0.13 0.16 0.15
Aeration basin (bioreactor) 0.40 0.32 0.73 0.75
Primary clarifier & influent pumping -- -- -- --
RAS pumps 0.01 0.01 0.02 0.02
Secondary clarifiers 0.02 0.00 0.01 0.01
WAS pumps 0.05 0.05 0.06 0.06
CHP blower energy 0.01 0.00 0.00 0.00
CHP Energy Production - anaerobic digestion -0.14 -0.16 -0.25 -0.22
CHP Energy Production - anaerobic primary -0.85 -0.87 -0.52 -0.51
CHP Heat Production - anaerobic digestion electricity use offset -0.01 -0.02 -0.03 -0.02
Hauling & land application 0.04 0.05 0.06 0.06
Mixing prior to dewatering 0.00 0.02 0.02 0.02
Mixing prior to thickening 0.01 0.01 0.01 0.01
Sidestream treatment 0.06 0.04 0.03 0.07
Sludge dewatering 0.13 0.13 0.15 0.14





C, 100% dCH4 volatilization 25
◦
C, 100% dCH4 removal 15
◦
C, 100% dCH4 volatilization 15
◦
C, 100% dCH4 removal
Process
Aerobic digestion 0.17 0.18 0.22 0.21
Anaerobic digestion heating -- -- -- --
Anaerobic digestion mixing -- -- -- --
Anaerobic digestion pumping (transfer, etc.) -- -- -- --
Anaerobic primary treatment 0.13 0.13 0.16 0.17
Aeration basin (bioreactor) 0.43 0.33 0.75 0.77
Primary clarifier & influent pumping -- -- -- --
RAS pumps 0.03 0.01 0.02 0.02
Secondary clarifiers 0.01 0.01 0.02 0.01
WAS pumps 0.05 0.04 0.05 0.06
CHP blower energy 0.00 0.01 0.00 0.00
CHP Energy Production - anaerobic digestion -- -- -- --
CHP Energy Production - anaerobic primary -0.85 -0.89 -0.53 -0.51
CHP Heat Production - anaerobic digestion electricity use offset -- -- -- --
Hauling & land application 0.05 0.05 0.06 0.05
Mixing prior to dewatering 0.01 0.01 0.00 0.02
Mixing prior to thickening 0.01 0.01 0.01 0.02
Sidestream treatment -- -- -- --
Sludge dewatering 0.13 0.13 0.15 0.15




C.5. Lifecycle Costing 
LCC was performed for every configuration assuming a treatment plant life of 40 years.1 
Capital and operational costs for each configuration were estimated in CAPDETWorks 
(Hydromantis, Inc.). Equipment included within a process, i.e. RAS pumping, WAS pumping, 
blend tanks, mixers, etc., were not examined separately, but were instead included in the overall 
process, e.g. activated sludge system. Processes common to each configuration such as 
buildings, pavement, vehicles, etc. were assumed to be the same for each configuration and 
were therefore not included. Several costing factors were appended to the CAPDETWorks cost 
estimation, as described in Table C.7. Cost estimations from CAPDETWorks were adjusted 
from 2007 dollars to 2016 dollars using annual inflation adjustments (Table C.8). Net present 
value was determined at three discount rates: 5%, 8%, and 10%. Estimated net present value, 
construction costs, and maintenance/operational costs by year are listed in Tables C.9.A and 
C.9.B. Estimated capital construction and equipment costs by configuration are listed in Table 
C.10.  
 
Table C.7. Costs Appended to CAPDETWorks for Cost Estimations 
Item    Cost     Source     
CHP Microturbine  $800 kWh-1    Chambers & Potter (2002) 
CHP Maintenance  $ kWh-1 per year   Chambers & Potter (2002)  
 
Table C.8. Annual Inflation Adjustments. The listed inflation adjustments are annual averages 
obtained from U.S. inflation statistics (U.S. Inflation Calculator, 2017).  
Year    Annual Inflation Rate (%) 
2008    3.8 
2009    -0.4 
2010    1.6 
2011    3.2 
2012    2.1 
2013    1.5 
2014    1.6 
2015    0.1 
2016    1.3 
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Table C.9.A. Net Present Value (5%, 8%, and 10% discount rates) and mean project capital 
cost for each treatment configuration.  
 
Table C.9.B. Mean annual costs for each treatment scenario.  
 
 
Table C.10. Mean values for capital cost of each process by 25 C scenario as modeled by 
CAPDETWorks and adjusted for inflation. Other permutations of each configuration are very 
similar in costs (i.e., < 5% difference) and are therefore not shown.   
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APPENDIX D 
SUPPORTING INFORMATION FOR SUCCESSION OF A FOUNDING MICROBIOME AFTER 
SEEDING IN A MULTIPLE-COMPARTMENT ANAEROBIC BIOREACTOR FOR DOMESTIC 
WASTEWATER TREATMENT 
 
D.1. Supplementary Methods 
 The following sections describe analyses for measured parameters in this study (section 
D.1.1.) and description of reactors used in this study (section D.1.2).  
D.1.1. Analyses for Measured Parameters 
Performance measurements collected from each ABR compartment included 
temperature, pH, total suspended solids (TSS), volatile suspended solids (VSS), chemical 
oxygen demand (COD), dissolved organic carbon (DOC), 5-day biochemical oxygen demand 
(BOD5), alkalinity, volatile fatty acids (VFA) (i.e., acetate, propionate, butyrate, lactate), and 
biogas production and composition (CH4 and CO2). Measurements taken from the influent and 
effluent of each ABR included nitrogen (NH3, NO3-, and NO2-) and phosphorous. Temperature 
and pH were continuously monitored. Grab samples were taken weekly for tCOD, sCOD, 
pCOD, TSS, and VSS. Biogas and dCH4 sampling was conducted weekly when no operational 
issues were encountered.  
Analyses for tCOD, sCOD, pCOD, BOD5, TSS, VSS, alkalinity, and nitrogen species 
were conducted according to Standard Methods (APHA, 2005) or approved EPA methods (see 
table below). In ABR 1, pH values were collected with Broadly James pH ProcessProbes and 
temperature was monitored and logged with submersible HOBO Temp Pro V2 temperature 
logger. In ABR 2, pH was measured with Cole-Parmer pH electrodes (100 Ohm Pt RTD, EW-
27003-23). Temperature was measured with LabJack EI-1034 probes. Biogas flowrate in ABR 1 
was measured using Cole Parmer 0 to 500 SSCM gas flow meters. Biogas flowrate in ABR 2 
was measured using an Agilent Digital Flow Meter (Optiflow 520). Biogas composition was 
determined on a Hewlett Packard 6890 with Agilent 5973 Mass Selective Detector GC-MS with 
an Agilent 113-3133 GS-Carbonplot capillary column at max temperature of 360˚C, flowrate of 
1.2 mL min-1, and helium carrier gas. dCH4 was analyzed according to the method described in 
(A. R. Pfluger et al., 2011) with minor modification. Specifically, the method described in Pfluger 
et al. 2011 withdrew exactly 25 mL from sampling ports located on the fluidized bed reactor, 
which were subsequently injected into a vacuum-degassed and crimp sealed 58-mL serum 
bottle. Headspace was then equilibrated to ambient pressure by inserting a needed to release 
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the vacuum. In this study, water samples (approximately 25 mL) were withdrawn from an 
effluent sampling port located at the top of each reactor compartment directly into a 58-mL 
serum bottle, which was immediately crimp-sealed with a butyl rubber stopper. The bottle was 
subsequently shaken to allow methane to equilibrate between the gas phase and the aqueous 
phase. 
Organic acids were analyzed on a Shimadzu LC-20AT liquid chromatograph with Agilent 
Zorbax StableBond 80Å Aq, 4.6 x 150 mm, 3.5 µm HPLC column with 0.01 N H3PO4 eluent at 
0.6 ml min-1 at 22 C. Ions were analyzed on a ThermoFisher Dionex (Thermo Fisher) ICS-900 
ion chromatograph with Dionex IonPac AS14A-5 m RFIC 3x150 mm column with 8.0 mM 
sodium carbonate and 1.0 mM sodium bicarbonate eluent using method SM4110B. DOC was 
analyzed using a Shimadzu TOC-L CSH with NTM-L detector via oxidative combustion infrared-
analysis (method SM5301B Total Organic Carbon via High-Temperature Combustion) with a 
high-salinity combustion tube (platinum catalyst, ceramic fiber) and ultra-high purity air as carrier 
gas.  
 
Standard Methods. The below list contains methods used during this study. 
Test     Method Used 
Total Suspended Solids  Standard Method 2540.D 
Volatile Suspended Solids  Standard Method 2540.E 
Chemical Oxygen Demand Standard Method 5220.D using HACH Method 8000 TNT 
822 
Biochemical Oxygen Demand Standard Method 5210.B 
Alkalinity    Hach Method 20239 TNTplus 870 (EPA compliant)   
Ammonia    Hach Method 10205 HR TNTplus 832 (EPA compliant) 
Total Nitrogen    Hach Method 10242 TNTplus s-TKN (EPA compliant) 
Nitrate     Hach Method 10206 TNTplus 835 (EPA compliant) 
Nitrite Standard Method 4500-NO2- using HACH 10237 TNTplus 
840 
D.1.2. Reactor Descriptions 
ABR 1 was located in the unheated headworks of the Plum Creek Water Reclamation 
Authority (PCWRA) in Castle Rock, CO (elevation = 1,830 meters). PCWRA is a 6.44 MGD 
wastewater treatment facility located along the front range of the Rocky Mountains. Raw 
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wastewater fed to the ABR first entered the unheated PCWRA headworks and was routed 
through a grinder sump pump and 8 mm screen. The de-gritted and screened wastewater was 
then routed to a continuously mixed 910-liter feed tank with a maximum detention time of 15 
min. Influent wastewater was pumped to ABR 1’s first compartment via a Watson Marlow 
peristaltic pump at a rate of 1.2 L min-1 (1,738 L d-1) for the first 1,357 days of the study. After 
that, the pump rate was reduced to 0.6 L min-1 (869 L d-1). Each ABR 1 compartment was 
constructed with PVC sheets, which were reinforced with angle iron frames. ABR 1 was 
originally seeded with granular sludge from a mesophilic upflow anaerobic sludge blanket 
(UASB) receiving brewery waste.  
ABR 2 was located in an unheated barn at the Mines Park Wastewater Test Bed in 
Golden, CO (elevation = 1,730 meters). The Mines Park Wastewater Test Bed treated domestic 
wastewater from a 250-unit housing complex. Influent wastewater was first routed through a 
holding tank with a grinder pump prior to being pumped to the ABR-AFFR influent holding tank. 
The raw, unheated wastewater was fed to the ABR-AFFR reactor system at a rate of 0.5 L min-1 
via a Masterflex L/S digital drive peristaltic pump. Each compartment was constructed with 12” 
diameter PVC pipe N40. The large height-to-diameter ratio (12:1) was selected to enhance 
solids settling.  
 




Figure D.1. Schematic of pilot-scale multiple-compartment anaerobic reactor systems for the 
treatment of raw domestic wastewater. (a) ABR located at the Plum Creek Water Reclamation 
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Figure D.1. Continued. (b) ABR-AFFR located at Mines Park Wastewater Test Bed in Golden, 







Figure D.2. Stream graphs depicting the relative abundance of the founding microbiome at the 
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Figure D.2. Continued. Stream graphs depicting the relative abundance of the founding 
















Figure D.2. Continued. Stream graphs depicting the relative abundance of the founding 








Figure D.3. Disturbances, significant events, and wastewater temperature over time.   
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D.3. Supplemental Tables 




Table D.2. Mean concentrations and standard deviations of several performance parameters for 




STATISTICAL EXPOSÉ OF A MULTIPLE-COMPARTMENT ANAEROBIC REACTOR 
TREATING DOMESTIC WASTEWATER 
 
20Manuscript accepted for publication in Water Environment Research 
 
Andrew Pfluger21, Martha Hahn22, Amanda Hering23, Linda Figueroa24, Junko Munakata-Marr24 
 
E.1. Abstract  
Mainstream anaerobic treatment of domestic wastewater is a promising energy-
generating treatment strategy; however, such reactors operated in colder regions are not well 
characterized. Performance data from a pilot-scale, multiple-compartment anaerobic reactor 
taken over 786-days were subjected to comprehensive statistical analyses. Results suggest that 
chemical oxygen demand (COD) was a poor proxy for organics in anaerobic systems as oxygen 
demand from dissolved inorganic material, dissolved methane, and colloidal material influence 
dissolved and particulate COD measurements. Additionally, univariate and functional boxplots 
were useful in visualizing variability in contaminant concentrations and identifying statistical 
outliers. Further, significantly different dissolved organic removal and methane production was 
observed between operational years, suggesting that anaerobic reactor systems may not 
achieve steady-state performance within one year. Last, modeling multiple-compartment reactor 
systems will require data collected over at least two years to capture seasonal variations of the 




                                                                 
20 Reproduced with permission permissions of Water Environment Research. Published work copyright 
2018 Water Environment Federation.  
21 Graduate student and primary researcher. 
22 Co-author collected data and began analysis before her passing. 
23 Co-author completed statistical analyses in R. 
24 Co-advisor. 
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E.2.  Introduction  
A possible energy-positive alternative to aerobic wastewater treatment is direct 
anaerobic treatment of domestic wastewater using biological reactors (McCarty et al. 2011; 
Guest et al. 2009). In addition to energy generation from methane production, potential benefits 
of anaerobic domestic wastewater treatment can include operational simplicity, reduced 
biosolids generation, and a smaller physical footprint (Chernicharo et al., 2015; Gomec, 2010; 
Leitão et al., 2006). Mainstream anaerobic treatment of domestic wastewater, however, is not 
common and has been primarily implemented in developing countries with tropical and sub-
tropical climates (Draaijer et al., 1992; Giraldo et al., 2007; Jordão et al., 2009). The single-
compartment upflow anaerobic sludge blanket (UASB) is the most widely employed anaerobic 
treatment technology (Gomec 2010; Chernicharo et al. 2015). Unfortunately, UASBs can 
produce varying effluent wastewater quality and often do not achieve established discharge 
standards for developed nations (Foresti, 2002). Multiple-compartment anaerobic reactors, such 
as the anaerobic baffled reactor (ABR), may be more advantageous for treating domestic 
wastewater in colder regions (Briones & Raskin, 2003; Van Lier et al., 1996; Zeeman et al., 
1997). In ABRs, wastewater flows sequentially through a series of compartments separated by 
baffles (Bachmann et al., 1985; Grobicki & Stuckey, 1991). The baffled configuration creates 
spatial separation of treatment zones and specialization of the microbial communities 
performing the sequential steps of hydrolysis, acetogenesis, and methanogenesis in converting 
complex organics to methane longitudinally through the reactor (Hahn et al., 2015; Weiland & 
Rozzi, 1991). Further, multiple-compartment anaerobic reactor configurations provide long 
solids retention times (SRT) decoupled from hydraulic retention times (HRT), which can allow 
for increased removal of particulate organic material by hydrolysis, a potential rate-limiting step 
at lower temperatures, and greater methane production with no energy input (Bodkhe, 2009; 
Foxon et al., 2004). 
Despite potential advantages, further study is required before anaerobic processes are 
considered a viable full-scale alternative to aerobic processes (Lettinga et al., 2001; Nachaiyasit 
& Stuckey, 1997; Van Lier et al., 1996). To date, ABRs treating domestic wastewater under 
psychrophilic conditions have only been explored at bench and pilot-scale (Gomec 2010; Hahn 
& Figueroa 2015), and few studies have examined the complex dynamics between performance 
indicators over long timescales. Statistical analyses of long-term performance data can identify 
relationships between performance indicators and elucidate differences between aerobic and 
anaerobic reactor system performance. The purpose of this study is to use multiple statistical 
analyses to assess the efficacy of COD as a proxy measurement for organics in anaerobic 
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systems; examine if relationships between organic carbon degradation and biomass generation 
common to aerobic systems are relevant for anaerobic systems; identify and explore relevant 
variations in anaerobic reactor performance, e.g. methane generation or effluent COD 
concentrations, over the two years of reactor operations examined; and help understand the 
anaerobic microbial consortium from a functional perspective for the purpose of informing future 
modeling efforts.  
 
E.3. Methods 
E.3.1. Anaerobic Baffled Reactor Description  
An ABR consisting of four equal sized rectangular compartments (0.457 m width and 
length and 1.22 m tall) with a total system volume of 1000 liters and a total hydraulic volume of 
869 liters was operated for over two years (786 days) under ambient temperatures (12 – 23 C) 
at the Plum Creek Water Reclamation Authority (PCWRA) in Castle Rock, CO (elevation of 
1,830 meters). Figure E.5 depicts a schematic of the ABR system. Raw wastewater entered the 
unheated PCWRA headworks and was first routed through a grinder sump pump and 8 mm 
screen. De-gritted and screened wastewater was then routed to a continuously mixed 910-liter 
feed tank before being pumped to the first ABR compartment with a Watson Marlow peristaltic 
pump at a rate of 1.2 liters/min (1,728 liters/day). Wastewater was treated as it flowed 
sequentially through each of the four reactor compartments. The hydraulic residence time (HRT) 
of each compartment was 3 hours for a total system HRT of 12 hours. This HRT was selected 
based on typical values for UASBs providing primary treatment of domestic sewage (Seghezzo 
et al., 1998), as limited data was available for pilot-scale or larger ABRs. Each compartment 
contained a 5-cm PVC downcomer pipe that routed influent wastewater (from the feed tank or 
previous compartment) to the bottom of the compartment beneath the sludge blanket. The 
wastewater then flowed upward through the sludge blanket in each compartment and into a 
clarified zone at an upflow velocity of 0.4 m/h. At no point was the sludge bed expanded by 
additional fluidization. Wastewater exited each reactor cell via an effluent pipe located at the top 
of each compartment, but below the water surface. This hydraulic flow pattern was repeated in 
each compartment of the ABR. The pH did not vary substantially throughout the study and 
ranged between 6.5 and 7.2. The reactor was originally seeded with a granular sludge from a 
mesophilic UASB that received brewery waste as its primary substrate.    
E.3.2. Data Collection and Analyses  
Measurements collected from each compartment of the ABR included temperature, pH, 
total suspended solids (TSS), volatile suspended solids (VSS), total COD (tCOD), dissolved 
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COD (dCOD), particulate COD (pCOD), dissolved organic carbon (DOC), BOD5, alkalinity, 
volatile fatty acids (acetate, propionate, citrate, oxalate, succinate, and formate), nitrogen 
(ammonia, nitrate, and nitrite), phosphorous (phosphates), and biogas production and 
composition (CH4 and CO2). Continuously monitored parameters included biogas flow, 
temperature, and pH. Grab samples were collected weekly from the influent and effluent of each 
ABR compartment for TSS, VSS, tCOD, dCOD, pCOD, BOD5, and alkalinity. Grab samples 
were also taken from the influent and effluent of each ABR compartment twice monthly for 
organic acids and biogas composition. Grab samples were collected weekly from the ABR 
system influent and effluent for nitrogen (NH3, NO2-, NO3-) and phosphorous (total and 
dissolved).  
Analyses for TSS, VSS, tCOD, dCOD, pCOD, DOC, BOD5, alkalinity, nitrogen species, 
and phosphorous were conducted according to Standard Methods (APHA 2005). pH values 
were collected with Broadly James pH ProcessProbes. Temperature was monitored and logged 
with a submersible HOBO Temp Pro V2 temperature logger. Organic acids were analyzed on a 
HP Agilent 1100 HPLC with Aminex HPX-37 column (Biorad, Hercules, CA) with 0.01N H3PO4 
eluent at 0.6 ml/min at 40° C. dCH4 and biogas composition samples were collected and 
analyzed according to the methods described in Hahn & Figueroa (2015) on a Shimadzu GC-
17A and Shimadzu GC-8A with TCD detectors and a HayeSep Q 80/100 column with UHP 
helium carrier gas at 30 ml/min.  
E.3.3. Statistical Methods  
All statistical analyses were performed in R (version 3.3.1) (R Core Team, 2016). 
Pairwise scatterplots and pairwise sample correlations were first constructed to explore 
relationships between pairs of variables (i.e., TSS, VSS, tCOD, dCOD, acetate, propionate, and 
biogas) in each reactor compartment. Functional box plots were also constructed to illustrate the 
changing concentrations of variables longitudinally through the four reactor compartments (Sun 
& Genton, 2011); they are described here briefly. At one point in time, a variable of interest is 
measured from the effluent of every compartment; these measurements can then be viewed as 
a single function. The functions are then collected for each sampling time point and ranked 
according to their depth with respect to the other functions. The function with the largest depth is 
classified as the median curve. The 50% central region is defined as the envelope formed by 
the first 50% of the functions. This 50% central region is analogous to the “inter-quartile range” 
(IQR) of a univariate boxplot and gives a robust range of the central 50% of the curves that are 
not affected by outliers or extreme values. Fences are obtained by inflating the envelope of the 
50% central region by 1.5 times the range of the 50% central region. Any functions outside the 
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fences are flagged as potential outliers. For example, in right column of Figure E.1, the black 
curve is the median, the 50% central region is shaded pink, the outer blue lines are the fences, 
and the dashed red lines are outliers. The advantage of the functional boxplot over 
typical pointwise boxplots is that a median curve can be identified, and unusual measurements 
across the effluents of each compartment can be tied to a particular point in time.  
Linear regression models were then fit to assess the impact of a single variable or 
multiple variables on a response of interest, and R2, the proportion of the variability in the 
response explained by the predictor(s), and the significance of each predictor were recorded in 
each case. In some instances, regression through the origin is employed, but R2 is not reported 
as it is not comparable to an R2 based on a model with a y-intercept. Comparisons of the means 
of two variables were assessed using two-sample t-tests (assuming unequal variances) and, 
when appropriate, 95% confidence intervals were used to estimate the difference between two 
means. For example, the means of variables from year 1 (the first 365 days of operation) to year 
2 (defined as the remaining 421 days of reactor operations) were compared. Matched pairs t-
tests were used to identify those compartments for which a significant reduction in the mean of 
a particular variable was observed, such as between compartments, and corresponding 95% 
confidence intervals for the mean difference were constructed.  
 
E.4. Results 
E.4.1. Oxygen Demand and Organic Carbon  
tCOD is a measurement of the oxygen required to oxidize organic material and is 
operationally divided into two components: dissolved (i.e., dCOD) and particulate (i.e., pCOD) 
(Tchobanoglous et al. 2003). Mean measurements for all variables examined over the duration 
of the study, including tCOD, dCOD, and pCOD, are provided in Table E.1. Change in tCOD, 
dCOD, and pCOD concentration was significant in each compartment except tCOD in 
compartment 3 (C3) (Table E.2). Figure E.1.a depicts tCOD concentration by compartment 
using boxplots; significantly more tCOD was removed in compartment 1 (C1) than in any other 
compartment. A small, but significant, amount of tCOD was removed in compartment 2 (C2); 
however, C3’s removal did not differ significantly from zero, and a small amount of tCOD was 
generated in compartment 4 (C4). Removal of dCOD and pCOD followed opposite trends 
through the ABR (Table E.2, Figure E.1.b). Generation of dCOD in C1, C2, and C3 was 
significant, while dCOD removal was significant in C4. Conversely, removal of pCOD in C1, C2, 
and C3 was significant, while pCOD generation was significant in C4. When plotted against 





Figure E.1. Univariate and functional boxplots of tCOD, dCOD, pCOD, TSS, and acetate 
concentrations (mg/L) as well as methane flowrate (mL/min) by compartment. Influent 
wastewater is on the left, and compartments increase from left to right along the x-axis. The 











Figure E.1. Continued. Univariate and functional boxplots of tCOD, dCOD, pCOD, TSS, and 
acetate concentrations (mg/L) as well as methane flowrate (mL/min) by compartment. Influent 
wastewater is on the left, and compartments increase from left to right along the x-axis. The 
boxplots above show how acetate, and methane flowrate change as a function of compartment 
position.  
 
C2, C3, and C4, further indicating removal of pCOD by hydrolysis had a negative relationship 
with dCOD generation (Figure E.6). A comparison of mean removal of COD (Table E.4) during 
the first year (Y1) and second year (Y2) of reactor operations suggests that the last two 
compartments of the reactor performed significantly differently with regard to dCOD and pCOD. 




removing pCOD to generating a small amount of pCOD. C4 removed significantly more dCOD 
in Y2 than in Y1, while generating significantly more pCOD. Linear regression models 
comparing tCOD, dCOD, and pCOD concentrations to temperature identified few statistically 
significant relationships, suggesting that variables other than temperature impacted COD 
removal (Table E.5).  
Table E.1. Mean measurements, concentrations, and standard deviations for key performance 
parameters. The measurements and concentrations are averaged over the duration of the 
study. “N/A” is listed for influent biogas and methane data, as biogas measurements for the 
influent wastewater were not applicable. “-” indicates compartments in which variables were not 
measured. 
 
Linear regression models were used to examine relationships between oxygen demand, 
DOC, and VSS in each reactor compartment. Regression models comparing dCOD vs. DOC or 
pCOD vs. VSS should include the origin as the concentration of each variable should be zero 
when no contaminants are observed in the system (e.g., the concentration of dCOD or pCOD 
should be zero when the concentration of DOC or VSS is zero). For comparison, regression 
models not constrained through the origin (i.e., with freely varying y-intercepts) were also 
constructed. As depicted in Figure E.2, a significant linear relationship was observed between 
dCOD and DOC concentrations for the influent wastewater and each reactor compartment; 
however, DOC does not explain a large portion of the variability in dCOD, as shown by the low 
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R2 values. The expected theoretical dCOD-to-DOC ratio was based on values calculated from 
half-reactions for organic compounds commonly found in municipal wastewater, which range 
from 2.67 for acetate to 3.83 for palmitate (Table E.6; Rittmann & McCarty, 2001). As depicted 
in Figure E.3, a strong linear relationship was observed between pCOD and VSS concentrations 
in the influent and C1; however, weaker (but still significant) linear relationships were observed 
in the last 3 compartments. Studies examining pCOD-to-VSS ratios for organic compounds in 
activated sludge systems have reported a narrow range of values between 1.20 and 1.66 
(Contreras et al., 2002; Harnadek et al., 2015; Tchobanoglous et al., 2003). A calculated ratio of 
1.42 g-COD/g-VSS is reported for a typical cell stoichiometry in wastewater analysis (Rittman & 
McCarty 2001). In all cases, the linear regressions fit through the origin had slopes significantly 
different from zero but contained a great deal of variability around the fitted lines (Figures E.7 
and E.8). 
 
E.4.2. Suspended Solids & Solids Removal  
TSS is the major fraction of tCOD in domestic wastewater and is removed by two mechanisms 
in anaerobic reactors: hydrolysis by microbiological activity in the sludge bed and gravitational 
settling (Gomec 2010). Mean concentrations and removals of TSS and VSS by compartment 
are provided in Tables E.1 and E.2, respectively. Figure E.1.c depicts the removal of TSS by 
compartment using boxplots. TSS removal was significantly greater in C1 despite variable 
influent TSS concentrations over the two years of study. Removal of TSS in C2 and C3 was less 
than C1, but still significant, and C4 generated a small, but significant amount of TSS. Removal 
of VSS followed the same pattern as TSS. Seasonal changes in temperature had no statistically 
significant effect on TSS or VSS concentrations in C1, C2, and C4, but not C3, likely due to the 
small amount of TSS removed in that compartment (Table E.5). C1, C2, and C3 had no 
statistically significant change in mean TSS removal from Y1 to Y2; however, C4 generated 
significantly more TSS in Y2 than in Y1 (Table E.4). Considering the total solids balance, 
anaerobic sludge was not purposefully removed, and no substantial solids washout was 
observed in the ABR during this study. Loss of solids due to washout has been observed in 
pilot-scale UASB studies (Vieira & Garcia, 1992) (Vieira and Garcia 1992). The multiple 
compartment configuration of the ABR prevents significant solids loss (Barber & Stuckey, 1999); 
however, a slow release of particulate material from the sludge bed, some of which may be 





Figure E.2. Linear regression model for dCOD versus DOC with freely varying y-intercepts. The 
regression coefficient (i.e., the slope of the regression line) and its p-value and the R2 for each 
regression model are displayed on each plot. The regression line is solid black. The dashed red 
line is constrained through the origin and represents a 3:1 dCOD-to-DOC ratio for comparison. 
A strong linear relationship existed for compartments 1, 2, 3, and 4 (p-value < 0.002). Y-
intercept values identified for each regression model were (mg dCOD/L): Influent: 141.7, C1: 
113.1, C2: 91.3, C3: 116.9, C4: 29.1.  



























































































































Table E.2. 95% confidence intervals for the mean reduction for key performance parameters by 
compartment of the ABR. Reduction is defined as the effluent from the previous compartment 
minus the effluent of the examined compartment (e.g., removal in C1 = Influent concentration – 
C1 effluent concentration). A negative value for mean reduction indicates an increase, or 
generation, of a variable within the reactor compartment. The following data are aggregated 
across both years of this study. Each p-value results from a test that the mean of the parameter 
value from compartment i to compartment i + 1 differs from zero, which would indicate no 
change. P-values < 0.05 indicating statistical significance are highlighted in grey. All 
compartments and variables experience a significant change in the mean difference except for 








Figure E3. Linear regression model for pCOD and VSS with freely varying y-intercepts. The 
regression coefficient (i.e., the slope of the regression line) and its p-value and the R2 for each 
regression model are displayed on each plot. A strong linear relationship existed for every 
compartment (p-value < 0.0001). Y-intercept values identified for each regression model were 
(mg pCOD/L): Influent: -7.3, C1: 60.6, C2: 68.7, C3: 92.5, C4: 50.3. 


















































































































E.4.3. Organic Acid Production and Removal  
Organic compounds, including organic acids, are formed during the intermediate steps 
of the anaerobic degradation of fats, proteins, and carbohydrates (Vavilin et al., 2008). Organic 
acids including acetate, propionate, citrate, oxalate, succinate, and formate were measured in 
the effluent of each reactor compartment; however, only acetate and propionate were 
consistently identified in appreciable concentrations. Figure E.1.d depicts acetate 
concentrations in each reactor compartment. Over the two years of reactor operation, significant 
acetate concentrations were generated longitudinally through the reactor from the influent 
wastewater through C3, but decreased by a significant amount in C4 (Table E.2). A pairwise 
comparison of acetate concentrations by reactor compartment indicates that the mean acetate 
concentration in C2 was significantly greater than C1, but was not significantly different than the 
mean acetate concentration in C4. Further, the mean acetate concentration in C3 was 
significantly greater than all other compartments (Figure E.9). Mean propionate concentrations 
follow a similar trend as mean acetate concentrations through each compartment of the ABR, 
but the change in concentration was not statistically significant (Table E.1). Linear regression 
models between organic acid concentrations and temperature indicate that a significant linear 
relationship with temperature existed for acetate in C1, C3, and C4, and for propionate in C2 
(Table E.5); however, the small R2 values indicate that temperature only explained a small 
percentage of the variability. The mean acetate removal in each compartment also differed 
significantly from Y1 to Y2 (Table E.4), but followed the aforementioned trend through reactor 
compartments (i.e., concentrations increased through C3, but decreased in C4).  
E.4.4. Biogas and Methane Production  
Biogas production occurred in each ABR compartment, and observed biogas flowrates 
increased longitudinally through the ABR. Comparing the 95% confidence intervals of average 
biogas flowrates (mL/min) shows that the mean flowrates in C2 and C3 were not significantly 
different; however, each had a significantly greater mean flowrate than C1. Mean biogas 
production in C4 was significantly higher than in all other compartments. Mean biogas 
production varied seasonally and was very sensitive to temperature changes (Figure E.11, 
Table E.5). Anaerobic biogas is typically comprised of methane (65-70%) and carbon dioxide 
(25-30%) with trace amounts of other gases (H2S, H2, and N2) (Tchobanoglous et al. 2003). 
Each ABR compartment generated 20-35% of the total system methane production; however, 
the mean percentage of methane in the biogas increased longitudinally through the ABR (Table 
E.1). While percentages of methane in the biogas from C2, C3, and C4 were not significantly 
different, both C3 and C4 produced significantly greater mean percent methane than C1. A 
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depiction of the increasing % methane in the biogas longitudinally through the ABR using 
boxplots is found in Figure E.12. Increasing methane production longitudinally through ABR 
compartments is consistent with other ABR wastewater treatment studies (Shanmugam & 
Akunna, 2008; Wang et al., 2004). Methane flowrate (mL/min) showed the same statistical 
relationships as biogas flowrate, i.e., methane flowrate in C4 was significantly higher than other 
compartments (Table E.1, Figure E.1.e). Mean methane flowrate increased in each 
compartment from Y1 to Y2 of reactor operation, with statistically significant increases in C1 and 
C4. Dissolved methane (dCH4) concentrations, which can account for a large percentage of the 
methane generated in anaerobic systems (Shoener et al. 2014), were measured periodically, 
but were not included in statistical analyses. Measured dCH4 in the ABR effluent was 
determined to be 50 ± 11 L/d regardless of seasonal temperature variations, accounting for 39 ± 
10% of the total methane production in the ABR.  
E.5. Discussion 
E.5.1. Measurement of Oxygen Demand in Anaerobic Systems  
All wastewater resource recovery facilities (WRRFs) operating in the U.S. today must 
obtain a National Pollutant Discharge Elimination System (NPDES) permit to discharge 
wastewater. Biochemical oxygen demand (BOD) is a contaminant limited under the NPDES, 
and the 5-day BOD test (BOD5) is a Standard Method used for determining the concentration of 
biodegradable organics in water. Several surrogate tests for organic material, such as COD, 
may be used under the U.S. EPA’s Alternate Test Procedure Program (Christian et al., 2016). 
Prior to full-scale implementation of mainstream anaerobic treatment systems for domestic 
wastewater, assessment is required to determine whether commonly used surrogate 
biodegradable organic analyses for aerobic systems, such as COD or DOC, are applicable for 
anaerobic systems, and if traditional relationships between organic carbon degradation and 
biomass generation are relevant.  
dCOD is a measurement of all dissolved material that exerts an oxygen demand, while 
DOC is a bulk measurement of all dissolved organic material. The relationship between dCOD 
and DOC will be linear with a zero intercept when carbonaceous oxygen demand is the only 
oxygen demand present in the system; expected ratios should be approximately 2.5:1 or 3:1 
(Rittman & McCarty 2001; Table E.6). Other constituents, such as dissolved oxidizable 
inorganics or dissolved methane, can act as artifacts, modifying this relationship by increasing 
dCOD measurements while having a negligible effect on DOC measurements. As shown in 
Figure E.2, large deviations from the expected linear relationship were observed, likely due to 
dissolved inorganic artifacts such as sulfur/sulfide or iron exerting an oxygen demand. The 
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effect was more pronounced in early compartments of the ABR. While observed mean 
concentrations of sulfide and iron were consistently higher in the ABR effluent than in the 
influent (Table E.1), substantial spikes in sulfide and iron concentrations were also observed in 
the influent wastewater at PCWRA, likely influencing dCOD measurements. This source of 
inorganic oxygen demand apparently decreased through the ABR as the freely varying y-
intercept decreased from 141.7 mg-dCOD/L in the ABR influent wastewater to 29.1 mg-dCOD/L 
in C4. Despite the likely decrease in dissolved oxidizable inorganics through the ABR, the 
deviation of dCOD-to-DOC ratio from expected was still high in C4. Here, high dissolved 
methane concentrations may be the primary cause of increased dCOD measurements. In C4, a 
systematic bias in dCOD from dissolved methane is most clearly supported by the similarity in 
slopes of the expected and measured dCOD coupled with a higher off-set y-intercept of 29.1 
mg-dCOD/L. The Standard Method for measuring dissolved COD in aerobic systems is filtration 
through a 0.45 m filter, which is not designed to remove dissolved methane present in samples 
from anaerobic systems. The amount of dissolved methane retained in the sample would vary 
as a function of sample management and filtration technique. For example, the freely varying y-
intercept from the regression model for C4 is 29.1 mg-dCOD/L, suggesting that as much as 7.3 
mg/L of dissolved methane may be present in dCOD measurements. The presence of dissolved 
methane will not produce the same interference in DOC measurements because DOC-
measuring instrumentation includes a sparging step that will strip any dissolved methane 
present. The discrepancy between the linear regression model and the expected linear 
relationship suggests that dCOD is not a good proxy for DOC in anaerobic systems – a problem 
not evident in aerobic systems. The large gap between the expected linear relationship and the 
best fit regression suggests that interference by artifacts, such as dissolved oxidizable 
inorganics or dissolved methane, produces inaccurate dCOD measurements in samples from 
anaerobic systems, and that DOC is a more accurate measurement of dissolved organic 
material than COD.  
The theoretical pCOD-to-VSS ratio for active biomass is 1.42 mg-pCOD/mg-VSS when 
ammonia is the assumed nitrogen source (Rittman & McCarty 2001). This relationship is used in 
kinetic models for activated sludge and as a proxy for determining the oxygen demand of 
degrading particulate organics during the generation of biomass. When measured pCOD is 
plotted against VSS in aerobic systems, a constant slope line through the origin is produced. 
Constructed linear regression models for the ABR, however, suggest a changing relationship 
between pCOD and VSS in each ABR compartment. In the regression model not constrained 
through the origin, the regression slope coefficient suggests pCOD-to-VSS ratios higher than 
 188 
previously reported values for C1, C2, and C4 (Figure E.3). This result suggests that additional 
colloidal material may be present in the water of each ABR compartment, exerting an oxygen 
demand beyond organic material, especially in C4. While DOC and dCOD are measured using 
the same fraction (< 0.45 m), VSS and pCOD are measured using different fractions. 
Specifically, VSS nominally measures fractions > 1 m, while pCOD measures fractions > 0.45 
m. ABR compartments with larger pCOD-to-VSS ratios likely have a larger fraction of colloidal 
material in the 0.45 m to 1.0 m size range than ABR compartments with lower pCOD-to-VSS 
ratios. Interestingly, the observed pCOD-to-VSS ratio for each compartment was even higher in 
Y2 than in Y1 for C1, C2, and C4, suggesting that the abundance of colloidal inorganic material 
in the 0.45 m to 1.0 m size range may have increased between Y1 and Y2 (Figure E.13). 
These results suggest that COD measurements commonly used for aerobic systems may not 
be a useful proxy for tracking organic transformations in anaerobic systems as dissolved 
inorganic material and dissolved methane appear to exert an oxygen demand that inflates 
dCOD measurements, while substantial colloidal material also appears to exert an oxygen 
demand that increases pCOD measurements. 
E.5.2. Interpreting Variable Effluent Biodegradable Organic and TSS Concentrations 
WRRFs permitted under NPDES must achieve secondary treatment standards for BOD 
and TSS. The effluent standard for both BOD5 and TSS is 30 mg/L averaged over a 30-day 
period. While monthly averages provide a simple metric for understanding contaminant effluent 
concentrations, the impact of unusual measurements, or outliers, can be difficult to visualize. 
Univariate boxplots and functional boxplots provide a mechanism for visualizing system 
performance, explaining variability in effluent contaminant concentrations, and identifying 
outliers in anaerobic systems (see Section E3.3). Using these approaches, median performance 
curves are established, and potential outliers at a given point in time can be identified. Figure 
E.1 depicts univariate boxplots and functional boxplots for several performance indicators 
(tCOD, TSS, etc.). As shown in the univariate boxplot in Figure E.1.a, tCOD outlier 
measurements for the effluent water (i.e., C4) occurred on 5 occasions during the 786-days of 
reactor operations. Of the five effluent tCOD outliers, four occurred over an 84-day timeframe 
between operational days 595 and 679 when the temperature was increasing (between 13 and 
16 C). In each instance, the influent tCOD concentration was within the 50% central region, but 
the effluent tCOD concentration from C4 was more than 150 mg tCOD/L greater than the 
effluent tCOD concentration from C3. Boxplots constructed for TSS also indicate unusual 
measurements on operational days 616 and 625, further substantiating the outlier events. As 
identified and visualized using boxplots, these observations indicate that each outlier 
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measurement is representative of an incident when high concentrations of particulate material 
were released from the sludge blanket of C4 and caused unusually high tCOD and TSS 
measurements in the ABR effluent. The fifth effluent tCOD outlier measurement, which can be 
traced through each ABR compartment using the functional boxplot in Figure E.1.a, occurred on 
operational day 16 when the influent tCOD concentration was 4965 mg-tCOD/L and the effluent 
concentration was 553 mg-tCOD/L.  
While the ABR configuration in this study did not meet EPA secondary effluent standards 
for BOD and TSS during the period examined, future designs that enhance system performance 
can use a similar approach for identifying and visualizing variability in system effluent 
concentrations over time. A large 50% central region within the functional boxplot would indicate 
high variability in effluent contaminant concentrations and suggest that operational adjustments 
may be required. Ideally, functional boxplots would have a small central region for effluent 
contaminant concentrations, indicating little variability, and contain no evident outliers that 
exceed effluent discharge standards. Additionally, analysis of exceedance events, i.e., 
measurements that exceed effluent discharge standards, over time could help predict when 
future exceedance events may occur.  
E.5.3. Implications of Variable Methane Generation  
WWRFs require a consistent source of electricity to maintain baseline facility 
requirements. Consistent methane generation is the key to sustained energy-positive 
wastewater treatment. The use of methane in biogas for energy generation from anaerobically 
digested wastewater biosolids operated under mesophilic temperatures is relatively common at 
facilities treating high wastewater flowrates and can offset baseline electricity requirements 
(U.S. EPA, 2006); however, the generation of biogas from the direct anaerobic treatment of 
domestic wastewater requires further study. As depicted in Figure E.11, the generation of 
biogas by the ABR was sensitive to changes in wastewater temperature, and methane 
production decreased by more than 50% under colder temperatures. Further, while each 
compartment of the ABR generated methane, higher mean methane production was observed 
in the latter compartments of the ABR (Table E.1). Other studies have suggested that the 
sequential movement of wastewater through ABR compartments can allow for microbial 
community overlap and increasing methane production in each successive compartment 
(Barber & Stuckey 1999; Wang et al. 2004). Residual concentrations of biodegradable organics 
and acetate in the ABR effluent indicate that the four-compartment reactor configuration was not 
optimized. C4 was the only compartment that removed a significant amount of dCOD and 
acetate (Table E.2), while generating significantly more methane than other reactor 
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compartments (Table E.1), suggesting that adding one or more reactor compartments to this 
system could enhance contaminant removal and methane generation. An increase in the 
system-level HRT beyond 12 hours could also allow for increased removal of biodegradable 
organics and acetate, while generating increased methane. The variations in methane 
generation with temperature found in this study imply that WWRFs will need to closely monitor 
their net energy balance and will likely need to compensate for decreased methane generation 
during colder months by using other fuel sources, e.g., natural gas. Other biogas-generating 
renewable energy sources, such as the anaerobic digestion of wastewater biosolids or co-
digestion with other organic waste streams (e.g., food or agricultural waste), could generate 
enough methane to meet facility baseline electricity requirements and achieve an energy-
positive state under any water temperature; however, further study is required.  
E.5.4. Implications of Changing Performance Between Operational Years  
The change in the mean removal of several performance indicators, such as tCOD and 
TSS varied by ABR compartment between Y1 and Y2 (Table E.4). For example, in Y2, C4 
generated significantly more tCOD, pCOD, and TSS, while producing more methane and 
removing significantly more dCOD and acetate. These changes suggest that the microbial 
activity in the ABR was different in Y2 than in Y1, especially in the latter compartments. 
Specifically, the significant change in dCOD removal in C3 and C4 suggests that less hydrolysis 
occurred in the latter portion of the ABR. Decreased acetate concentrations in Y2, coupled with 
increased methane generation, also suggests that higher levels of acetoclastic methanogenesis 
occurred in Y2 than in Y1. The significant increase in pCOD and TSS concentrations observed 
in C4 in Y2 is also indicative of a slow release of particulate material from the sludge bed in that 
compartment.      
Steady-state conditions for anaerobic reactor systems can be difficult to define. 
Elmitwalli et al. (1999) defined steady-state for low temperature anaerobic reactors treating 
domestic wastewater as 10 HRTs and a minimum of 2 weeks with low percent standard 
deviation of effluent concentrations. However, as multiple compartment anaerobic reactors have 
SRTs that far exceed HRT, this definition fails to account for the impact of steady-state 
operations on the long-term solids balance and some microbial processes, such as long-term 
hydrolysis of settled solids in the sludge blanket. To determine the impact of these phenomena, 
operational conditions must be constant for durations longer than the SRT (Hahn & Figueroa 
2015). For systems operated at ambient temperature in temperate climates, seasonal 
temperature variations must also be considered to develop confidence in observed relationships 
among performance indicators. As suggested by the changing performance of microbial 
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communities in each ABR compartment in this study, a period of at least two years is likely 
required to examine statistical significance between reactor performance indicators over time 
and with variations in temperature.  
E.5.5. Implications for Modeling Anaerobic Microbial Activity  
Domestic wastewater typically contains high concentrations of organic material, 
including carbohydrates, lipids, and proteins, which are degraded by hydrolytic microorganisms 
into organic acids, simple sugars, and amino acids. Post-hydrolysis, long chain fatty acids are 
degraded to short chain fatty acids and then to acetate, CO2, and H2 via acidogenesis and 
acetogenesis. The final anaerobic microbial function is methanogenesis, which converts CO2 
and H2 or acetate to methane (Kashyap et al., 2010; Vavilin et al., 2008). Multiple compartment 
reactors should be designed and operated in such a way that promotes functional 
complementation of microbial community structures and exploits the aforementioned functional 
niches of the anaerobic microbial consortia (Briones & Raskin, 2003). Therefore, studying 
microbial community dynamics and performance over time from both a structural and functional 
perspective can be advantageous to develop accurate kinetic parameters for modeling 
purposes and enhancing system performance. The statistical analyses used in this study 
suggest that each compartment of the reactor may have a dominant anaerobic microbial 
function (i.e., hydrolysis in C1 and methanogenesis in C4), but each function also occurs to 
some extent in each compartment. Pairwise scatterplots constructed for each reactor 
compartment using the variables tCOD, dCOD, TSS, VSS, acetate, propionate, and biogas 
production do not suggest many clear relationships (Figure E.4, Figure E.14). Each scatterplot 
instead illuminates the complex activity of the microbial consortia and suggests that other 
intermediate metabolic products may also need to be examined. This result also suggests that 
analyses used in this study are unlikely to capture complex relationships among variables. For 
example, linear regression models showed that few variables were significantly affected by 
temperature (Table E.5); however, the metabolism of many anaerobic microorganisms is known 
to be hindered at lower temperatures (Lettinga et al. 2001). Further, linear analyses of bulk 
parameter measurements cannot differentiate between physical and microbial processes. For 
example, the effect of hydrolysis or gravitational settling on TSS removal in C1 is impossible to 
differentiate given the sampling approach outlined in Standard Methods (APHA, AWWA, 2005). 
While gravitational settling is likely a dominant TSS removal mechanism, long-term 
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Figure E.4. Pairwise scatterplots of multiple variables for C4. The pairwise scatterplots are 
located in the top right of the matrix, associated histograms are located diagonally, and pairwise 
correlations are located on the lower left of the matrix. The larger the font size for the pairwise 
correlation, the larger the correlation itself. As shown, few strong correlations were identified, 
indicating the complexity of the microbial activity in each reactor compartment.  
 
hydrolysis of settled solids must also be a factor as purposeful wasting of biosolids was not 
required from any reactor compartment over the two years of reactor operations examined in 
this study.  
The complex and changing activities within the ABR suggests that a large number of 
measurements routinely taken over a longer timescale may be required to determine if more 
nuanced relationships exist prior to initiating modeling efforts. More in-depth examinations of the 
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structure and activities of microbial communities in each compartment, coupled with variations 
in temperature and organic loading, are also likely required. The convoluted relationships 
among variables also suggests that current modeling parameters provided in the literature are 
likely oversimplified or inaccurate for modeling a multiple-compartment reactor system treating 
domestic wastewater under ambient wastewater temperatures. Reactor models based on one 
rate-limiting kinetic parameter (i.e., hydrolysis or methanogenesis), a “bulk organic in / bulk 
organic out” approach, or models based on a series of continuously stirred tank reactors 
(CSTRs), fail to capture the interconnected activities of the anaerobic microbial consortia in 
multiple-compartment reactor systems. Kinetic models that incorporate more than one 
anaerobic microbial function will likely need to be developed separately for each compartment, 
as each function occurs to some extent in each. Models developed for multiple-compartment 
reactors will likely also need to take into account gravitational settling, solids capture, and long-
term hydrolysis of solids in the sludge bed. 
 
E.6. Conclusions  
Multiple-compartment anaerobic reactor systems, such as the ABR examined in this 
study, are promising technologies for energy-positive treatment of domestic wastewater in 
colder regions. Statistical analyses of 786 days of performance data present several insights 
that should be considered prior to development and implementation of full-scale multiple-
compartment anaerobic treatment systems. Specifically, commonly used COD measurements 
may not be a consistent proxy for organics in anaerobic systems as additional oxygen demand 
from dissolved inorganic material, dissolved methane, and colloidal material influence dCOD 
and pCOD measurements. Further, such as univariate and functional boxplots, that more clearly 
identify outliers, should also be considered for wastewater treatment systems. Additionally, 
changes in temperature affect methane generation, which must be accounted for in a facility’s 
net energy balance. The complex activity and changing performance of the anaerobic microbial 
consortia between years 1 and 2 also suggest that more data collected over longer timescales 
will be required to accurately model anaerobic microbial function.    
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Figure E.6. Linear relationship between dCOD and pCOD for each compartment. No significant 
relationship was observed for the influent or C1; however, a strong negative linear relationship 
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Figure E.6. Continued. Linear relationship between dCOD and pCOD for each compartment. No 
significant relationship was observed for the influent or C1; however, a strong negative linear 
relationship was observed for C2, C3, and C4. 
 
 









































































Figure E.7. Linear regression through the origin between dCOD versus DOC for each 
compartment. A strong significant relationship (p <0.0001) between variables was observed in 
each compartment. The estimated slope coefficient varied between 3.25 (C2) and 3.54 
(Influent). 























95% CI Coef = (3.25, 3.84)
Pvalue < 0.0001





















95% CI Coef = (3.09, 3.5)
Pvalue < 0.0001



















95% CI Coef = (3.11, 3.39)
Pvalue < 0.0001























95% CI Coef = (3.11, 3.54)
Pvalue < 0.0001































Figure E.8. Linear regression through the origin for pCOD versus VSS for each compartment. A 
strong significant relationship (p <0.0001) between variables was observed in each 
compartment. The estimated coefficient increased from the influent (1.58) to C3 and C4 (3.07 
and 3.06, respectively).  




















95% CI Coef = (1.53, 1.62)
Pvalue < 0.0001




















95% CI Coef = (1.78, 1.88)
Pvalue < 0.0001











































95% CI Coef = (2.86, 3.28)
Pvalue < 0.0001


























Figure E.9. 95% confidence interval plot of mean acetate concentrations (mg/L) by 
compartment. This graph shows that C3 had significantly more mean acetate than any other 
compartment, indicating high levels of acetogenesis.  
 
 
Figure E.10. Biogas production by compartment over time. Biogas production varied seasonally 





Figure E.11. Univariate and functional boxplots for mean % methane in biogas. C4 had the 
highest mean % methane in the biogas, but was only significantly different than C1. In the top 




Figure E.12. Linear regression models with freely varying y-axes for pCOD and VSS in Y1 and 
Y2. A strong linear relationship existed for each compartment (p-value < 0.001). An increase in 
regression coefficient was observed between Y1 and Y2 in each reactor compartment except 
for C3.

















































Figure E.12. Continued. Linear regression models with freely varying y-axes for pCOD and VSS 
in Y1 and Y2. A strong linear relationship existed for each compartment (p-value < 0.001). An 
increase in regression coefficient was observed between Y1 and Y2 in each reactor 
compartment except for C3.




































































































Figure E.12. Continued. Linear regression models with freely varying y-axes for pCOD and VSS 
in Y1 and Y2. A strong linear relationship existed for each compartment (p-value < 0.001). An 
increase in regression coefficient was observed between Y1 and Y2 in each reactor 






















































































Figure E.13. Pairwise scatterplot of multiple variables for C1. The pairwise scatterplots are 
located in the top right of the matrix, associated histograms are located diagonally, and pairwise 
correlations are located on the lower left of the matrix. The larger the font size for the pairwise 
correlation, the larger the correlation itself. As shown, few strong correlations were identified, 








Figure E.13. Pairwise scatterplot of multiple variables for C2. The pairwise scatterplots are 
located in the top right of the matrix, associated histograms are located diagonally, and pairwise 
correlations are located on the lower left of the matrix. The larger the font size for the pairwise 
correlation, the larger the correlation itself. As shown, few strong correlations were identified, 






Figure E.13. Pairwise scatterplot of multiple variables for C3. The pairwise scatterplots are 
located in the top right of the matrix, associated histograms are located diagonally, and pairwise 
correlations are located on the lower left of the matrix. The larger the font size for the pairwise 
correlation, the larger the correlation itself. As shown, few strong correlations were identified, 











Table E.4. Mean reduction of key performance parameters by compartment of the ABR in year 
1 and year 2. Reduction is defined as the effluent from the previous compartment minus the 
effluent of the examined compartment (e.g., removal in C1 = Influent concentration – C1 effluent 
concentration). A negative value for the mean indicates an increase, or generation, of a variable 
within the reactor compartment. The data are separated by operational year to highlight 
differences from the first and second year of reactor operation. The 95% confidence interval 
represents the confidence around the difference between mean removal in Y1 and Y2. The p-
values result from a test that the mean of the parameter value from compartment i to 
compartment i + 1 differs from zero, which would indicate no change. p-values < 0.05 indicating 
statistical significance are highlighted in grey. Fewer significant differences are observed when 













Table E.5. Linear model results for key performance parameters versus temperature. The 
following data are aggregated across both years of this study.  p-values < 0.05 indicating 
statistical significance are highlighted in grey. Results indicate few significant linear relationships 
between the examined variable and temperature. For variables that do have a significant linear 
relationship, low R2 values indicate that many other variables also impact the examined 
variables. For methane flowrate, higher R2 values indicate that temperature explains a greater 















Table E.6. Theoretical dCOD-to-DOC ratios from balanced half-reactions found in Rittman & 
McCarty (2001). The dCOD-to-DOC ratio is calculated by using 8 mole e- per g COD and the 
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F.1. Abstract  
In 2004, the state of Colorado became the first state in the U.S. to implement a 
renewable energy standard. Electrical utilities have met the state’s energy goals using a 
combination of wind, hydroelectric, and solar power, while giving relatively little consideration to 
biogas generated from domestic wastewater treatment. An examination of wastewater treatment 
facilities designed to treat flowrates > 2 million gallons per day (7,570 m3d-1) indicates that 
energy generated from the anaerobic digestion of wastewater sludge and combined heat and 
power technologies is underutilized in Colorado. Barriers to widespread implementation of 
anaerobic digestion and combined heat and power were primarily associated with costs, e.g., 
infrastructure or equipment capital costs; however, other barriers were identified, including: 
effectiveness of available grant and loan programs, state-level regulations, electric utility rate 
structures, the influence of local decision-making authorities, and a reluctance by wastewater 
treatment facilities to change sludge digestion practices. To overcome these barriers, 
recommendations for the state of Colorado include: initiate a comprehensive program focused 
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on promoting current incentives, review the efficacy of available incentive programs and make 
long-term modifications, enact regulatory updates, increase education and outreach, and 
establish a program to promote co-digestion of wastewater sludge with other organic waste 
streams. This state-level case study explores a large number of facilities at a granular level, the 




• Energy generation from anaerobic digestion biogas is underutilized in Colorado 
• Fewer WWTFs treating < 5 MGD in Colorado have AD and CHP than the U.S. average 
• Costs-related barriers prevent widespread implementation of AD and CHP 
• Available grant and loan programs for AD and CHP are insufficient  
• Colorado renewable energy regulations do not promote biogas beneficial use at WWTFs 
 
F.3. Introduction  
Many countries, including the U.S., have set renewable energy goals for the coming 
decades (U.S. White House, 2015; Office of Energy Efficiency & Renewable Energy, 2017). 
Numerous states in the U.S. have followed suit by developing their own renewable energy 
standards. Colorado was the first State to implement a citizen-sponsored renewable energy 
standard when it passed Amendment 37 in 2004 (Ris, 2010). To achieve Colorado’s renewable 
energy goals, electric utilities and consumers have used a combination of renewable energy 
sources, primarily wind, hydroelectric, and solar. However, energy generated from biomass 
solids, which includes agricultural byproducts, crops, and anaerobic digestion (AD) of sludge at 
wastewater treatment facilities (WWTFs), is underutilized, accounting for less than 0.1% of 
Colorado’s renewable energy profile (U.S. Energy Information Administration, 2010). Domestic 
wastewater has a maximum potential energy of 1.96 kWh m -3 (Scherson & Criddle, 2014). 
WWTFs in Colorado, which treat approximately 3.2 x 106 m3 of domestic wastewater daily, can 
generate a maximum of 2.3 MWh of electrical energy annually. Assuming 40% conversion 
efficiency (McCarty et al., 2011), this quantity of electricity equates to approximately 1.8% of 
electricity use in Colorado – a value that far exceeds current electricity generation from AD and 
combined heat and power (CHP) at WWTFs.  
Municipal wastewater treatment using aerobic treatment technologies, e.g., conventional 




U.S (U.S. EPA, 2006). Electricity costs at each WWTF typically range from 20-45% of total 
facility expenditures (U.S. EPA, 2008; U.S. EPA, 2013). Domestic wastewater in the U.S. 
contains the potential to generate over 2.3 x 106 tons of methane per year (Bastian et al., 2011; 
NREL, 2013), which is more than three times the energy required for conventional wastewater 
treatment (McCarty et al., 2011; Scherson & Criddle, 2014; Tarallo, 2014).  
Several studies (Edwards et al., 2015; Shen et al., 2015; Willis et al., 2012) have 
examined sludge digestion and biogas beneficial use practices in the U.S. and provide a 
general overview of barriers to widespread implementation of AD and CHP. To date, however, 
no study has examined barriers to AD and CHP at the state-level in the U.S. Examining sludge 
digestion and biogas beneficial use practices at a more granular level can further illuminate the 
barriers WWTFs face in implementing or maintaining these practices and can provide more 
specific insights into how to overcome the identified barriers. The objective of this case-study, 
therefore, was threefold: (1) determine the characteristics of WWTFs in Colorado that have 
implemented AD and recover biogas for beneficial use; (2) identify and examine barriers 
WWTFs face in Colorado when considering implementing AD and CHP; (3) identify and 
examine barriers WWTFs with AD and CHP face when maximizing use of biogas for on-site 
energy generation. 
 
F.4. Anaerobic Digestion and Biogas Beneficial Use  
AD is one of the most commonly used methods for the treatment of wastewater sludge 
(Eastern Research Group, 2006). Biogas generated from AD typically contains 65-70% 
methane and 25-30% carbon dioxide with trace amounts of other gases (H2S, H2, and N2) 
(Tchobanoglous et al., 2003). Advantages to recovering methane from biogas for beneficial use 
include availability, cost-displacement, replacement of fossil fuel-generated electricity, and 
reduction of greenhouse gas emissions (Wiser et al., 2010). Several biogas beneficial use 
options are available to WWTFs including purification of biogas into compressed natural gas 
transportation fuel, combustion for heat generation, combustion for electricity generation, or 
CHP. CHP can be advantageous because it generates electricity for on-site uses while using 
captured waste heat for heating digesters and buildings. Current CHP technologies include gas 
combustion turbines, microturbines, and internal combustion engines (Bastian et al., 2011; U.S. 
EPA & U.S. DOE, 2012). Figure F.4 provides a typical process diagram for biogas production 




Implementation of AD and CHP in some developed countries, such as the Netherlands 
and Japan, is more widespread than in the U.S (Kalogo & Monteith, 2008). Several studies have 
explored biogas opportunities in different countries, including Austria, Germany, the 
Netherlands, Norway, Poland, Sweden, and Thailand, and have characterized biogas beneficial 
use at WWTFs (Budzianowski, 2012; Gebrezgabher et al., 2010; Lantz et al., 2007; Nowak et 
al., 2015; Poeschl et al., 2010; Suzuki et al., 2010; Venkatesh et al., 2013). Poland, for example, 
had 138 biogas power plants at municipal WWTFs in 2010, accounting for 93% of biogas power 
plants in the country (Budzianowski, 2012). Similarly, nearly 60% of biogas produced annually in 
Sweden takes place at municipal WWTFs (Lantz et al., 2007). Shen et al. (2015) provides 
statistics for implementation of AD and CHP in the U.S., stating that about 48% of wastewater 
flow is treated with AD; however, less than 10% of facilities with AD in the U.S. use biogas for 
heating and/or electricity generation to reduce energy costs.  
Municipal WWTFs have the potential to be energy-positive, i.e. generate more energy 
than they consume, by recovering methane-rich biogas produced by the co-digestion of 
wastewater sludge with other organic waste streams (McCarty et al., 2011; Shoener et al., 
2014).  Examples of energy-positive WWTFs include the Wofgangsee-Ischl WWTF in Austria, 
the Grevesmuhlen WWTF in Germany, and the Zurich Werdholzli WWTF in Switzerland 
(Poeschl et al., 2010; Nowak et al., 2015; Shen et al. 2015). While examples of energy-positive 
facilities in the U.S. exist, e.g. the East Bay Municipal Utility District in Oakland, CA, as of 2013, 
only 74 of 14,870 municipal WWTFs in the U.S. exported electric power generated on-site to the 
grid (East Bay Municipal Utility District, 2017; Water Environment Federation, 2013; Shen et al., 
2015). 
 
F.5. Barrier Categories  
In general, known barriers to widespread implementation of AD and CHP can be 
grouped into one of four broad barrier categories: economic, technical, social, and regulatory 
(Table F.1). Monetary considerations have been cited as the primary barriers to implementing 
AD and CHP at WWTFs (Willis et al., 2012). Many WWTFs operate with limited financial 
resources and estimated capital construction and/or operations and maintenance costs for AD 
and CHP can exceed projected near-term cost-savings, especially for WWTFs with lower or 
variable wastewater flowrates (Tyagi & Lo, 2013). Technical barriers vary by region and even by 
facility, however, frequently involve digester maintenance, control of the digester liquid stream, 




climates require more energy to maintain the constant mesophilic or thermophilic temperatures 
required for AD (Tchobanoglous et al., 2003). Social concerns, such as a failure to see value in 
renewable energy or the fear of pungent odors and unsightly digesters, can also present 
barriers to AD implementation. Adoption of AD and CHP can increase the regulatory 
requirements from public utility commissions, as well as local, state, or federal governments. 
Understanding how to gain approval for, construct, and maintain AD and/or CHP can be 
complex and create barriers to implementation (Willis et al., 2012).  
 
Table F.1. Barriers to implementation of AD and CHP (adapted from Willis et al. 2012 and Shen 
et al. 2015; includes results of this study).  
 
 
F.6. Methods  
A database of WWTFs provided by the Colorado Department of Public Health and 
Environment (CDPHE) was used to classify all facilities in Colorado by flowrate and type of 




(7,570 m3d-1) were selected for survey based on the assumption that facilities of above 2 MGD 
were most likely to have implemented, or have considered implementing, AD and CHP. The 
U.S. EPA Enforcement and Compliance History Online (EPA ECHO) and the Water 
Environment Federation (WEF) Biogas Database were used as additional sources to confirm 
flowrates and validate if facilities in Colorado used AD and/or CHP (U.S. EPA ECHO, 2016; 
WEF, 2013a). 
Data gathering from WWTFs was performed in three phases. A first phase survey was 
designed to confirm demographic information, gather basic information regarding WWTF 
treatment processes and management structure, and to determine if the facility fell into one of 
three categories: (1) facilities without AD, (2) facilities with AD, but without biogas recovery, or 
(3) facilities with AD and biogas recovery. For the first phase survey, biogas recovery was 
defined as the use of biogas for any beneficial use including heating digesters and/or buildings, 
power generation, CHP, or purification for vehicle fuel. Based on responses to the first phase 
survey, a second phase survey consisted of more detailed questions concerning barriers for 
each category of sludge treatment and type of biogas use was provided. A third phase survey 
was issued only to WWTFs that use both AD and CHP and WWTFs with a design capacity > 10 
MGD (37,850 m3d-1) that use AD, but have elected not to use CHP. The purpose of the third 
phase survey was to determine the barriers WWTFs with AD and CHP face when considering 
use of biogas for on-site energy generation, and determine the reasons WWTFs with a design 
capacity > 10 MGD did not implement CHP. To further quantitatively evaluate the ability of 
WWTFs to implement sludge thickening, AD, biosolids dewatering, and CHP in Colorado, this 
study models hypothetical WWTF performance using Biowin 5.2 and estimates capital and 
operations & maintenance (O&M) costs using CAPDETWorks (Hydromantis, Inc.) as described 
in Section FS2.  
 
F.7. Wastewater Treatment Facility Demographics  
Of 393 WWTFs in Colorado with active, pending, or recently withdrawn permits at the 
time of this study, 91 active facilities had design capacities > 2 MGD and were selected for 
evaluation. Of the 91 WWTFs that met initial survey criteria, 18 treated industrial waste streams 
and did not possess AD and 3 were in the process of permanently closing. These 21 WWTFs 
were omitted from the analysis. During the study, one additional WWTF with a design flowrate < 
2 MGD using AD was identified and subsequently incorporated into the analysis. Of the 71 




each question is indicated parenthetically for responses discussed. The majority of WWTFs in 
the study were located in large metropolitan centers and/or along the Rocky Mountain Front 
Range (Figure F.1). 
 
 
Figure F.1. Spatial distribution of WWTFs in Colorado initially included in this study (n=91). 
Counties in Colorado are delineated by gray lines. Each circle represents one WWTF; larger 
circles represent WWTFs with larger design flowrates (in MGD). Each WWTF is colored based 
on sludge digestion practice (brown = no AD, red = AD with a biogas use practice other than 
CHP, blue = AD and CHP).  
 
Many facilities in Colorado have design capacities much greater than their average 
annual flow, therefore, actual annual average flowrates were used for conducting analyses and 
discussing results. The 61 responding facilities were therefore categorized in the following 
manner: 29 facilities treated an actual flowrate < 2 MGD, 17 facilities treated an actual flowrate 
between 2 and 5 MGD, and 10 facilities treated an actual flowrate between 5 and 10 MGD. 
Colorado had very few facilities treating an actual flowrate > 10 MGD (n=5; one of which treated 











F.8. Sludge Digestion and Biogas Use Practices in Colorado  
Sludge digestion practices among WWTFs in Colorado were dominated by aerobic 
digestion (48%, n=29) and anaerobic digestion (39%, n=24) (Figure F.2; Figure F.5). The 
remaining facilities employed an outside service to dispose of their sludge (5%; n=3), 
composted sludge without prior treatment (2%; n=1), or elected not to specify (7%; n=4). Of 
facilities with aerobic digestion, five also composted sludge. While aerobic digestion is most 
common, the type of digestion practiced was strongly dependent on volume of wastewater 
treated. All responding WWTFs treating actual flowrates > 5 MGD used AD (n=15), while 24% 
(n=4) of WWTFs treating between 2 and 5 MGD used AD, and only 17% (n=5) of WWTFs 
treating < 2 MGD used AD. Table F.2 anonymously describes the responding 24 WWTFs in 
Colorado with AD and provides statistics concerning flowrate, biogas beneficial use, energy 
generating potential, and type of energy generation equipment. No responding facility in 
Colorado practiced co-digestion despite a number of larger WWTFs (designed to treat > 10 
MGD) expressing a willingness to consider the practice (77%, n=10).  
Biogas use practices in Colorado can be broken into four categories: not captured (i.e. 
released without flaring), flaring only, combustion for digester and/or building heating (i.e., 
process heating), and CHP. The distribution of biogas use practices in Colorado is categorized 
by actual treatment flowrate in Figure F.2. Only 4 WWTFs actively used CHP; however, 1 
additional facility recently decommissioned CHP equipment to become one of 2 facilities in 
Colorado that purified biogas for vehicle use. All Colorado WWTFs that treated flowrates > 10 
MGD used biogas for digester and/or building heating, and 40% (n=2) actively used CHP. One 
additional WWTF treating a flowrate above 10 MGD intended to implement CHP within a year of 
the survey.  
Table F.3 provides a comparison of findings from this study to those identified by the 
Water Environment Research Foundation’s (WERF) 2012 national-level survey to identify 
barriers to biogas (Willis et al. 2012). For WWTFs treating actual flowrates > 10 MGD, the 
findings between studies are generally consistent. Nationally, almost all facilities treating this 
volume of wastewater use AD, and the biogas beneficial use practice is split somewhat evenly 
between CHP and process heating. For WWTFs treating between 5 and 10 MGD, the findings 
vary between studies. In Colorado, all WWTFs treating this volume of wastewater use AD, 













Figure F.2. (A) Sludge digestion practices in Colorado by flowrate. Aerobic and anaerobic 
digestion are the most prevalent sludge management strategies in Colorado. (B) Biogas use 
practices in Colorado by flowrate. Of WWTFs with AD in Colorado, the most prevalent beneficial 
use was digester and building heating. 
 
beneficial use practice. Nationally, responding WWTFs of this size equally used biogas for CHP 
or process heating; however, WWTFs in Colorado were much more likely to use biogas for 
process heating (90%) than CHP (10%). For the smallest size category considered by WERF, 
WWTFs treating 1 to 5 MGD, the results between studies are significantly different. Here, 54% 
of facilities responding to the national survey used AD, while only 9% of facilities of this size in 
Colorado used AD. Similarly, the percentage of WWTFs in Colorado using CHP was much 
lower (3%) than facilities reporting to the national survey (46%). The significant variation in 
results may be due to sample size; this study examined far more facilities treating 1 to 5 MGD 



























































(n=34) than WERF’s study (n=13). WWTFs willingness to respond to WERF’s national survey 
may also have been a factor; smaller facilities treating 1 to 5 MGD with AD and CHP may have 
been more willing to respond than WWTFs with other sludge digestion practices and no biogas 
beneficial use.         
 
Table F.3. Comparison of anaerobic digestion and biogas beneficial use practices in Colorado 
to U.S. national statistics (as reported in Willis et al. 2012). 
 
F.9. Barriers Influencing Sludge Digestion and Biogas Practices  
F.9.1. Barrier 1: Costs  
Cost-related considerations that impact a facility’s decision to implement AD or not are 
complex. WWTFs frequently operate on a fixed budget and very few facilities have available 
capital to make significant process modifications without securing a grant or a loan. 
Correspondingly, responding facilities without AD indicated that cost-related concerns, such as 
capital costs, operation & maintenance costs, and staffing costs were the most significant 
barriers (78%, n=7). Only 22% (n=2) of WWTFs stated that anticipated costs required to comply 
with stricter discharge requirements, e.g. those found in Colorado Regulation 85 (CDPHE, 
2012), limited financial resources available for implementing AD. 
WWTFs with AD but not CHP face a somewhat different economic analysis. As all 
responding facilities treating > 5 MGD in Colorado have AD, identified cost-related hurdles for 
maximizing biogas recovery and implementing CHP primarily involve equipment purchase, 
operation and maintenance, as well as cost-benefit concerns involving the quantity of biogas 
produced and purification costs. For WWTFs with CHP, the largest barrier to full use of 
produced biogas for CHP was a lack of necessary equipment (60%, n=3). Further, two of the 
WWTFs with CHP (50%) indicated that their current CHP scheme is not cost-effective due to 




In theory, the costs of investment should be less than projected cost savings for a 
WWTF to implement AD or recover biogas; however, there are frequently other cost-related 
considerations (Marchaim, 1992). For example, if the fluctuating market cost for energy is low, 
the biogas value may decrease, and the payback period will be extended (Eastern Research 
Group, 2006). Additionally, the rate of biogas generation is dictated by the quantity of available 
sludge (Bastian et al., 2011) which varies seasonally in many of Colorado’s tourist mountain 
towns. The requirement to hire additional staff to maintain digesters and biogas-related 
equipment can also influence facilities to view AD as a financial burden rather than a benefit.  
Previous studies have suggested that treatment of 5 MGD of wastewater is the minimum 
flowrate required for economically viable CHP (Bastian et al., 2011). WWTFs in Colorado that 
received external advice concerning the flowrate needed for implementation of AD provided a 
wider range of required flowrates: 2.4 to 20 MGD. While all WWTFs treating > 5 MGD in 
Colorado had AD, 5 responding WWTFs treating actual flowrates < 2 MGD use AD, the smallest 
of which treated 0.37 MGD. This result is consistent with the reported 96 facilities treating < 1 
MGD in the U.S. that also use AD (Shen et al., 2015). These findings suggest that the threshold 
flowrate for implementing AD or CHP will likely vary by facility due to numerous financial 
considerations, and that there may not be a universal minimum wastewater flowrate required for 
implementing AD.   
F.9.2. Barrier 2: Effectiveness of Available Incentives 
At the time of the study, over 100 renewable energy incentive programs were available 
in Colorado from federal or state entities; however, less than 20 applied to AD and biogas 
produced at WWTFs (Table F.4). Federal incentive programs were predominantly offered 
though the U.S. Department of Energy (DOE), the U.S. Department of Agriculture (USDA), and 
the Internal Revenue Service (IRS). Examples include the DOE’s Loan Guarantee Program, 
which issues low interest loans to renewable energy projects, the USDA’s High Energy Cost 
Grant Program, which offers grants to renewable energy facilities in rural communities with high 
per-household energy costs, and the IRS’s Renewable Electricity Production Tax Credit, which 
provides tax credit for electricity generated by renewable energy resources and sold by the 
taxpayer (U.S. DOE, 2017a, 2017b; U.S. IRS, 2017; USDA, 2017). The U.S. EPA’s Renewable 
Fuel Standard (RFS2) Program also offered credits for purifying biogas into transportation 
biofuels (EPA, 2014). At the state-level, there were several tax-related subsidies available, to 
include the Enterprise Zone (EZ) Investment Tax Credit Refund for Renewable Energy Projects, 




Sales Tax Exemption on Components for Production of Energy from Renewable Energy 
Sources, which exempts components purchased for AD or CHP from state sales and use tax 
(Colorado EZ Tax Credits, 2017; Colorado Department of Revenue, 2014). CDPHE also offered 
grant and loan options through the Clean Water State Revolving Fund Loan Program, which is 
sponsored by the U.S. EPA Combined Heat and Power Partnership (CDPHE, 2016, 2017b; 
U.S. EPA Combined Heat and Power Partnership, 2014). 
Despite the number of available incentives, at the time of the survey, no WWTF with 
CHP in Colorado reported receiving a governmental incentive for generating on-site electricity. 
Only two facilities in Colorado reported purifying biogas for transportation biofuel and receiving 
federal credit for doing so. No WWTF with CHP in Colorado created excess electricity to sell to 
an electric utility or cooperative, and no facility purified biogas for injection into natural gas 
pipelines. Electricity generated on-site by CHP was used solely to offset energy costs from 
electric utilities. The study also indicated that applying for and obtaining grants or loans is not an 
easy process for WWTFs in Colorado. No responding WWTF treating > 10 MGD with AD or 
WWTF with existing CHP technologies had a pending application or planned to apply for 
funding to upgrade their infrastructure, despite some AD lifespan concerns (Table F.5). Further, 
40% (n=4) of respondents indicated that available grant and loan programs are too difficult to 
use or are insufficient, and one facility that previously pursued a loan through the State 
Revolving Fund withdrew its application because the administrative demand outweighed the 
value of the loan. The two responding facilities that had successfully secured federal or state 
grants or loans for capital construction indicated doing so over 30 years ago. Of responding 
facilities without AD, 19% (n=6) stated they would be willing to implement AD if sufficient partial 
funding were available and an additional 16% (n=5) stated they would be willing to perform an 
evaluation to determine the benefits if funding was available. Another 31% (n=10) were not able 
to answer and needed to conduct more research (Figure F.3.A). Further, of facilities with AD 
treating actual flowrates > 10 MGD that did not use CHP, 60% (n=3) stated that adequate 
government incentives would aid in their decision to implement CHP. The lack of effective 
incentive programs to assist WWTFs in implementing AD and CHP is not limited to Colorado. In 
a 2014 report on biogas-related energy opportunities, the U.S. DOE, U.S. EPA, and USDA 
acknowledge shortcomings in federal assistance in developing biogas systems and recommend 
several measures to enhance the use of biogas systems in the U.S., including increased 







Figure F.3. WWTF survey responses. (A) Interest of WWTFs without AD in implementing AD if 
sufficient federal or state grants or loans were available. (B) Rate structures provided by electric 
utilities for WWTFs in Colorado. (C) Type of governing body at WWTFs in Colorado. (D) Interest 
of WWTFs treating actual flowrates < 5 MGD without AD in implementing AD. (E) Interest of 
WWTFs treating actual flowrates > 10 MGD in implementing CHP. (F) Air pollution permitting 
concerns for WWTFs without AD. (G) Air pollution permitting concerns for WWTFs with AD. (H) 
Desire of WWTFs without AD to implement other on-site renewable energy sources. (I) Desire 
of WWTFs with AD to implement other on-site renewable energy sources.  
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F.9.3. Barrier 3: Colorado Regulations  
Colorado Amendment 37 (Renewable Energy Requirement, 2004) provides regulatory 
guidance for renewable energy requirements in Colorado, and specifically requires electric 
utilities to source a portion of their energy from renewable resources (Colorado Energy Office, 
2017a). Since 2004, Amendment 37 has been updated on three occasions: House Bill 07-1281 
(March 2007), House Bill 10-1001 (March 2010), and Senate Bill 13-252 (June 2013). Under 
House Bill 10-1001, investor-owned electric utilities were required to portion 30% of their energy 
portfolios with renewable energy activities by 2020. The requirement also includes a minimum of 
3% energy generation from distributed sources such as WWTFs. Municipality-owned electric 
are required to source a smaller percentage based on population size. Senate Bill 13-252 
specifically addresses methane capture and further requires cooperative utilities to maintain 
20% of their energy portfolios with renewables. Several other pieces of legislation specifically 
address biogas from WWTFs, to include Senate Bill 10-177 (August 2010), which defines 
biomass and biomass energy facilities, to include AD-derived biogas, for the purpose of 
renewable energy generation.  House Bill 14-1159 (May 2014) enacts a state sales and use tax 
exemption for components used in biogas production systems. The Colorado Energy Office 
promotes agricultural AD and biogas recovery through several initiatives, to include AD market 
assessments, but did not have a program for AD and CHP at WWTFs (Colorado Energy Office, 
2017b). Additional applicable state-level regulations and standards are found in Table F.6. 
Colorado Amendment 37 addresses renewable energy standards including solar, wind, 
geothermal, and biomass, which includes biogas from wastewater sludge. The renewable 
energy targets for electric utilities provide some incentive for solar, but provides no guidance as 
to the specific type of renewable energy used. While the approach has proven effective, as 
some electric utilities had already achieved 2020 targets, most electric utilities elected to 
achieve the renewable energy standard via wind and solar power (Jaffe, 2012). At the time of 
the study, Xcel, the largest electrical utility in Colorado, claimed no energy production from 
biomass in their renewable energy portfolio for Colorado (XcelEnergy, 2017). Due to the 
successful implementation of other renewable energy technologies, there is currently little 
compelling regulatory incentive for electric utilities to work with WWTFs to maximize distributed 
energy generation from biogas and/or sell electricity back to electric utilities.  
F.9.4. Barrier 4: Electric Utility Rate Structures and Incentives to Promote CHP 
The rate structures provided by electric utilities varied significantly in Colorado. Figure 




owned, 29 municipal, and 22 rural electric utilities or cooperatives operating in Colorado at the 
time of the study. WWTFs with CHP capabilities purchase electricity from three different utilities: 
Xcel, United Power Cooperative, and La Plata Electric Association. United Power and La Plata 
Electric are regional energy co-operatives (La Plata Electric Association, 2017; United Power, 
2017). Of WWTFs with CHP, three are connected to Xcel electric infrastructure; however, one 
recently elected to stop using CHP due to equipment operations and maintenance difficulties 
and a failure to meet power projection targets. The facility instead purifies biogas for use as a 
vehicle fuel. The remaining two WWTFs that contract with Xcel both indicated that the rate 
structure provided by the electric utility was challenging to manage or complicated. These 
WWTFs required dedicated staff to manage the energy program, or stated that managing the 
energy program was a significant extra responsibility for existing staff. The rate structure 
provided by Xcel for Colorado’s largest WWTF, the Robert W. Hite Treatment Facility in Denver, 
includes several tariffs and charges. A description of how the Robert W. Hite facility sets energy 
nominations and manages its rate structure is found in Anderson (2015). Conversely, the two 
WWTFs that use regional co-ops indicated having a flat rate structure as an electricity 
generator, and that the rate structure provided by their electric utility was not a barrier. 
Interestingly, the two WWTFs that use Xcel indicated that they do not plan to expand CHP 
capabilities in the near future, while the two that receive electricity from regional co-ops both 
plan to expand and have already conducted feasibility studies. These results suggest that rate 
structures provided by the electric utility have a substantial impact on the willingness of WWTFs 
to use biogas for CHP; favorable rate structures can enhance implementation of CHP, while 
unfavorable rate structures may be a barrier to CHP.   
Of responding WWTFs with AD treating flowrates > 10 MGD that do not have CHP, 38% 
(n=3) plan to implement CHP, but 63% (n=5) do not (Figure F.3.E). These facilities identified 
several barriers, including: insufficient on-hand equipment, equipment costs, biogas purification 
costs (e.g. siloxane control), a volume of produced biogas perceived too low to economically 
support CHP, and long payback period as major barriers to implementing CHP. Each of these 
barriers are cost-related and can be subsidized by the state or by the electric utility. As stated in 
Section 7.3, 60% WWTFs that fall into this category stated that adequate government incentives 
would aid in their decision to implement CHP. Incentives from the electric utility, such as 
reduced rates for on-site electricity generation, may also help; however, the electric utility would 
also likely need incentives from the state government. Incentives from the state to the electric 




site electricity generation via CHP by modifying existing regulations, such as updating Colorado 
Amendment 37, or creating new regulations that specifically promote WWTF biogas beneficial 
use.  
F.9.5. Barrier 5: Influence of Decision Making Authority  
The majority of decisions for WWTFs in Colorado were made by elected bodies. 
Authorities classified as elected council (i.e. city council, utility council, or town council) or an 
elected board of directors comprised 63% (n=30) of decision-making bodies for responding 
facilities. Only 25% (n=12) of facilities placed decision-making authority in the hands of facility 
senior management (e.g. facility superintendent). The remaining facilities (n=6) used a complex, 
multi-tiered decision-making process, or the process was not fully understood by the survey 
respondent (Figure F.3.C; Figure F.6). The results indicate that WWTFs governed by elected 
bodies are less likely to implement AD and CHP than facilities governed by senior management. 
Among WWTFs governed by elected bodies, such as a city council or a board of directors, 40% 
(n=12) used AD. Conversely, among WWTFs governed by senior management, 58% (n=7) 
used AD. The trend may be due to a lack of awareness concerning AD and CHP. Members of 
an elected city council or board of directors may not have a full understanding of the potential 
benefits of AD and CHP, whereas WWTF senior managers are more likely to understand how 
the technologies can fit into the facility’s treatment scheme and reduce energy costs.  
F.9.6. Barrier 6: Interest of WWTFs Treating < 5 MGD Actual Flowrates in Implementing 
AD and Biogas Beneficial Use Technologies  
For responding WWTFs treating < 5 MGD with aerobic digestion, 70% (n=7) indicated 
that aerobic digestion was more economical for their wastewater flowrate, while 20% (n=2) 
indicated that AD was a better option for their WWTF or that the facility should have 
implemented AD instead. However, of all responding WWTFs treating < 5 MGD without AD, 
78% (n=28) had never conducted a formal evaluation to determine the feasibility of 
implementing AD. The remaining 22% (n=8) of WWTFs in the low flow category had conducted 
a formal evaluation, but indicated no current plan to implement AD (Figure F.3.D). Similarly, of 
responding WWTFs treating < 5 MGD without AD, 85% (n=11) never analyzed the possibility of 
using methane as an energy source. However, despite these responses, 9 WWTFs treating < 5 
MGD use AD (range = 0.37 – 3.75 MGD), one of which had successfully implemented CHP 
(actual treatment flowrate = 2 MGD) and three of which combust biogas for heating digesters 




The fact that many WWTFs treating < 5 MGD had not conducted an evaluation 
concerning the implementation of AD can likely be attributed to perceptional bias. The survey 
did not identify one specific reason for the lack of evaluation, but perceived barriers cited include 
high capital and O&M costs, a lack of external funding options, facility size (i.e. the facility is too 
small), low influent wastewater flowrates, and low sludge production. A further consideration is 
the lack of expertise that WWTFs have in dealing with AD, on-site combustion for heat 
generation, or CHP. The anticipated requirements to add staff to maintain AD or CHP 
equipment, track on-site heat and/or electricity generation, and interface with the electric utility, 
can also be barriers. Each of these perceived barriers, coupled with other barriers such as the 
inability to gain approval from a governing body and a preference for aerobic digestion over AD, 
likely contributed to some extent at each WWTF that elected not to conduct an evaluation. 
Given the range of reasons why some WWTFs are reluctant to implement AD, and the difficulty 
in overcoming some of the identified barriers, a strong external influence may be needed to 
encourage facilities without AD to implement the technology.  
F.9.7. Other Barriers 
WWTFs were queried regarding four other potential barriers: air pollution permitting, 
perceived community response to implementing AD, aesthetic factors, and use of other 
renewable energy technologies on-site. Responses regarding air pollution permitting suggest 
that there is a perceptional bias by WWTFs without AD concerning the difficulties they would 
encounter when installing AD (Figure F.3.F): 54% of respondents (n=7) indicated that the 
process is complex or that the WWTF would have difficulty complying with emissions limits. 
However, of WWTFs that already have AD, only one respondent (9%) stated that air pollution 
permitting was complex (Figure F.3.G). Similarly, WWTFs without AD had increased negative 
perceptions concerning the anticipated community response and AD aesthetics than WWTFs 
that had already implemented AD. Specifically, concerning anticipated community response, 
only one WWTF without AD thought that the community would welcome AD if implemented, with 
the remaining responses being neutral (e.g., unaware or unlikely to respond) or negative (e.g., 
protests due to aesthetic concerns) (Figure F.7). Additionally, concerning aesthetics, 57% 
WWTFs without AD (n=4) responded that the digester odor would be a concern; only one 
WWTF without AD (14%) stated that AD aesthetics would not be a factor (Figure F.8). 
Conversely, for WWTFs with AD, the majority of WWTFs (55%, n=6) stated that aesthetics, to 
include odor and visual impacts, were not a factor. Additionally, the majority of WWTFs with AD 




technology, or had little response (71%, n=12 responses). Only two WWTFs with AD (12% of 
responses) stated that the community protested the digesters due to aesthetic concerns. The 
differences in responses between WWTFs without AD and those with AD suggest that there is a 
shift in perception concerning AD once the technology is implemented, and that some perceived 
barriers may not truly be obstacles. Educational interventions by the state regarding air pollution 
permitting, and community involvement in the decision-making process will likely help WWTFs 
without AD overcome the aforementioned perceived barriers. Last, concerning the 
implementation of other renewable technologies on-site, responses from both WWTFs with AD 
and without AD were mixed with WWTFs in both categories indicating that they have 
implemented other renewables, are evaluating implementation, or have decided not to 
implement other renewables (Figures F.3.H and F.3.I). 
 
F.10. Evaluation of Process Costs, On-Site Energy Production, and Available Incentives  
While each WWTF has varying circumstances, two scenarios common in Colorado are 
worth further quantitative examination: (1) the decision of WWTFs treating < 5 MGD actual 
flowrate of wastewater to implement AD; (2) the decision of WWTFs treating 10 MGD with AD to 
implement CHP. WWTF performance modeling in Biowin 5.2 and subsequent cost modeling 
using CAPDETWorks (Hydromantis, Inc.) provides capital and O&M costs for AD and 
associated sludge thickening and biosolids dewatering processes (Table F.8). The U.S. EPA’s 
Catalog of CHP Technologies provides capital and operations & maintenance (O&M) cost 
estimates for two technologies applicable to observed wastewater flowrates in Colorado: gas 
engine generators and microturbines (U.S. EPA CHP Partnership, 2017) (Table F.9). 
Assumptions regarding process modeling and cost analyses are found in SI Section 2. 
Projected electricity generation and discounted payback period calculations are found in Tables 
F.9 and F.10, respectively.   
The valuation of energy from biogas produced on-site by CHP provides insight 
concerning the economic threshold of on-site electricity and heat generation via CHP. For the 
first scenario, assumed additions to the WWTF included sludge thickening using a gravity belt 
thickener, anaerobic digestion, and centrifuge dewatering. A gas engine generator or 
microturbine for CHP (100 kW nominal capacity) was examined as a separate addition. Capital 
costs for sludge processing and AD were estimated at $11.7 x 106 USD for a WWTF treating 5 
MGD of wastewater (Table F9.A). When annual O&M costs over a 40-year equipment lifespan 




8%, and 10%), the costs increased to between $17.2 x 106 USD (10% discount rate) and $21.5 
x 106 USD (5% discount rate) (Table F9.B). Capital costs for both examined CHP technologies 
were approximately 0.3 x 106 USD (Table F.10). Discounted payback period analysis, which 
incorporated the time value of money, the valuation of generated on-site electricity and heat, 
and annual CHP O&M costs, over varying discount rates (1%, 5%, 8%, and 10%) indicated that 
electricity costs offset from CHP would never pay off the capital costs of sludge thickening, AD, 
and sludge dewatering processes; however, either CHP technology would pay for itself within 2-
3 years of implementation (SI Sections 2.2 and 2.3). In this scenario, a grant or loan would be 
required for the WWTF to implement AD and sludge treatment associated processes. The 
second scenario, where a WWTF treating 10 MGD with existing AD is adding CHP, was 
economically feasible without external grants and loans. Here, capital costs for both CHP 
technologies (300 kW nominal capacity) were approximately 0.8 x 106 USD (Table F.10). Similar 
to the first scenario, either CHP technology would pay for itself within 2-3 years of 
implementation (Table F.10).  
While WWTF energy requirements can vary significantly, AD with CHP has been 
reported to typically reduce electrical WWTF energy requirements by 35% (Tarallo et al., 2015), 
but can offset up to 50% (U.S.EPA, 2013). Reported biogas production rates from AD by 
WWTFs in Colorado without CHP (Table F.1) theoretically would produce electrical energy 
consistent with these reporting findings and would offset a comparable fraction of WWTF 
electricity demand (SI Section S2). Using on-site electricity is more fiscally advantageous than 
using grid electricity. Assuming annual O&M costs are the only required costs (i.e., excluding 
capital costs) and using reported biogas production rates, on-site generation of electricity and 
heat from CHP in Colorado costs less than $0.02 per kWh for gas engines and less than $0.01 
per kWh for microturbines. For comparison, in 2017, grid electricity cost approximately $0.074 
per kWh for utilities in Colorado, and solar photovoltaic cost between $0.044 and $0.066 per 
kWh for utility-scale systems (U.S. EIA, 2017; Fu et al., 2017). 
This analysis suggests that AD and CHP can be financially viable for WWTFs; however, 
substantial money, in the form of a grant or low-interest loan, must be available to cover capital 
costs for WWTFs that do not have existing sludge thickening, AD, or sludge dewatering 
infrastructure. An examination of available grants and loans from the state of Colorado, 
however, indicates that there were no state-level grant programs available to WWTFs treating 5 
MGD wastewater actual flowrate at the time of this study. Therefore, a WWTF needing 




Revolving Fund, despite survey respondents indicating that this fund has a difficult application 
process (see Section 7.2), or the Colorado Energy Office’s Energy Performance Contracting 
(EPC) Program (Colorado Energy Office, 2017c). The Small Communities Wastewater Grant 
under the Clean Water State Revolving Fund Loan Program has previously provided grants up 
to $850,000 USD for eligible communities; however, this program was no longer funded by the 
State of Colorado at the time of this study (CDPHE, 2017a). The facility is also too large to apply 
for a SRF planning grant or an engineering/design grant, which can only be awarded to 
communities serving less 10,000 individuals. Therefore, the principal options for this WWTF are 
to apply for either a leveraged loan under the SRF at rate of less than 2%, or for a loan through 
the EPC Program. The facility may also explore biogas beneficial use options other than CHP, 
such as purifying biogas to compressed natural gas for use as a transportation fuel, which is 
subsidized under programs such as Colorado’s Alternative Fuel Vehicle and Infrastructure Grant 
Program (Table F.4) (Colorado Energy Office, 2017a). 
 
F.11. Overcoming Barriers: Path to Widespread Implementation of AD and CHP in 
Colorado  
To foster widespread implementation of AD and enhance biogas beneficial use in 
Colorado, the state government should develop a comprehensive program to review and enhance 
incentives, enact regulatory changes, and increase education concerning the benefits of AD and 
biogas. More specifically, a state department, likely CDPHE, should conduct a review of each 
existing federal and state incentive program, i.e. grants, loans, and/or tax credits, to identify 
shortfalls and determine problem areas for applying WWTFs. The state should also identify what 
modifications need to be made to existing incentive programs to enhance their effectiveness in 
the future. Grant and/or loan incentive programs need to be sufficiently funded, easy-to-use, and 
flexible enough to overcome a range of cost-related barriers, from funding for first-time AD 
implementation at WWTFs treating < 5 MGD wastewater flowrates to CHP equipment purchase 
and/or maintenance at WWTFs with existing AD. In addition to addressing the shortcomings in 
currently available incentive programs, the state should also initiate a comprehensive effort to 
provide WWTFs with clear and streamlined information on the availability and potential benefits 
of each existing incentive program. Revising existing or implementing new state-level incentive 
programs and requesting modifications to federal programs will require significant time and effort. 
Further, updates or modifications to incentive programs need to be supported by appropriate 




To facilitate widespread implementation of biogas beneficial use at WWTFs in Colorado, 
an update to Amendment 37 should be enacted with incentives, such as tax credits or 
discounted rates, for energy generated on-site from CHP at WWTFs. Additionally, specific target 
percentages of each electric utility’s energy portfolio for distributed biogas energy generation by 
WWTFs should be developed along with achievable timelines for implementation. For example, 
a target percentage of 0.5% of the electric utility’s energy portfolio from on-site energy 
generation WWTFs 10 years after the regulation is passed is theoretically achievable. Since 
energy generation by CHP at WWTFs provides consistent baseload energy generation, specific 
target percentages can be achieved (EPRI & WRF, 2013). The state government should also 
provide incentives to electric utilities in the form of subsidies, e.g. tax breaks, for developing 
simple rate structures and assisting WWTFs to develop and implement structured on-site 
energy-generation programs. To date, differing rate structures provided by electric utilities have 
helped expand CHP at some WWTFs while hindering CHP expansion at others. To mature the 
biogas market, the state should also promote long-term partnerships for the co-digestion of 
wastewater sludge with the producers of other waste streams, such as field crops or animal 
waste, to meet optimal sludge treatment volumes and enhance biogas production. Doing so will 
allow WWTFs with lower flowrates and sludge production to produce sufficient quantities of 
biogas for on-site use, while allowing larger WWTFs to become energy-positive and sell excess 
electricity back to the electric utility. In addition to educating WWTFs on available incentive 
programs, the state should further consider an education program targeted at decision-makers 
and the broader WWT community on the benefits of AD and biogas beneficial use. Such a 
program could increase technical understanding and help change the perception that WWTFs 
treating less than 5 MGD cannot effectively implement AD. Even with these interventions, 
however, this study suggests that some WWTFs will desire to maintain the status quo and will 
be reluctant to implement AD and/or CHP. 
 
F.12. Conclusions  
This study of WWTFs with design flowrates > 2 MGD in Colorado indicates that AD of 
wastewater sludge and energy generation by CHP is underutilized. Aerobic digestion of sludge 
is the dominant practice for WWTFs < 5 MGD, despite the fact that several WWTFs treating 
very low flowrates have successfully implemented AD. While all WWTFs treating actual 
wastewater flows > 5 MGD have AD and many combust biogas for building or digester heating, 




widespread implementation of AD and CHP, including capital infrastructure costs, equipment 
costs, operations and maintenance costs, effectiveness of available incentive programs (e.g. 
grant and loan programs), state-level regulations, electric utility rate structures, the influence of 
decision making authorities in implementing AD and CHP, and a reluctance to change current 
sludge digestion practices by WWTFs with aerobic digestion. While there is no simple path to 
full implementation of AD and CHP in Colorado, the majority of barriers can be addressed if the 
state government establishes a comprehensive program focused on reviewing and promoting 
incentives, enacting regulatory updates to Colorado’s Amendment 37, and increasing education 
concerning available incentive programs and the benefits of AD and CHP. The state 
government could also consider establishing programs to promote co-digestion of wastewater 
sludge with other organic waste streams, which will enhance biogas production and can assist 
in creating energy-positive WWTFs. For full implementation of AD and biogas beneficial use in 
the U.S., analyses such as the one conducted in the study herein should be applied to other 
states or regions, and existing government regulations and incentive programs should be 
critically analyzed.  
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F.14. Supplemental Information for Appendix F 
 The following sections provide supporting information, to include tables and figures, that 
support the overall study. 
 
F.14.1. Additional Supporting Tables and Figures 
 The following sections provide supporting tables and figures that support the overall 
study. Tables and figures include process diagrams as well as survey results. Original questions 








Figure F.4. AD and CHP Process Diagram. Typical process diagram for biogas production and 
beneficial use in Colorado. Thickened biosolids are first heated by process heat and routed to 
anaerobic digesters, which are maintained at mesophilic temperatures. Produced biogas is 
routed through a series of treatment processes to remove contaminants (e.g. H2S and 
siloxanes) prior to combustion in a combined heat and power process (i.e., engine, turbine, 
microturbine, etc.). Recovered heat is used to heat biosolids and for heating buildings. 




Figure F.5. Solids management and biogas beneficial use practices in Colorado. (A) Solids 
management practices in Colorado regardless of wastewater flowrate. The majority of WWTFs 



























Figure F.5. Continued. Solids management and biogas beneficial use practices in Colorado. (B) 
Biogas beneficial use practices at WWTFs with AD regardless of wastewater flowrate. 


















Figure F.6. WWTF Governing Body by Flowrate. WWTFs show governance trends when 
examined by facility size (actual flowrate treated). WWTFs treating < 5 MGD are more likely to 
be governed by a city council or equivalent, or a board of directors, and are less likely to be 
governed by senior management. WWTFs treating > 5 MGD are more likely to be governed by 
senior management or board of directors than a city council or equivalent. Answers are derived 









Figure F.7. Community Response to Anaerobic Digestion. (A) The perceived community 
response from WWTFs without AD. The 15 responses were submitted by 10 WWTFs. The 
perceived response was mixed, with 8 of 15 responses being positive or neutral (“unlikely to 
respond”, “unaware of the technology”, “would welcome implementation”) and 6 of 15 responses 
being negative (“would not want a rate increase” or “protests due to aesthetic concerns”). (B) 
Actual community responses at WWTFs with AD. The 17 responses were submitted by 12 
WWTFs. The majority of responses (12 of 17) were positive or neutral (“unlikely to respond”, 
“unaware of the technology”, “would welcome implementation”). Only 2 responses were 
negative (“protests due to aesthetic concerns”). No responding facility indicated a community 
response to rate increases, presumably because the digesters were installed perviously and 
any rate increase had already been incorporated into the users’s utility bill years beforehand. 
The percentage of WWTFs indicating that the community “welcomed implementation” increased 
from 10% (n=1) for WWTFs without AD to 33% (n=4) for WWTFs that already had AD, 
indicating that communities may be more receptive to implementing AD than some WWTFs 






Figure F.8. Aesthetic Factors. Aesthetic factors affecting WWTF’s decision to implement AD. (A) 
Responses from WWTFs without AD (7 responses provided by 6 WWTFs). WWTFs without AD 
identified odor as the major aesthetic barrier to implementing AD (n=4). (B) Responses from 
WWTFs with AD (12 responses provided by 11 WWTFs). The majority of responding WWTFs 
indiacted that aesthetics were not a factor (55%). Only 2 WWTFs indicated that odor from AD 
was a concern for their facility, which indicates that the most significant aesthetic concern of 
WWTFs without AD may not be a significant factor after AD implementation. Answers are 





Table F.4. Renewable Energy Incentive Programs in Colorado   
The following table lists available federal and state loan programs and links to their 
webpages at the time of this study. A brief description of each program is found at the U.S. 
Department of Energy’s Energy Efficiency & Renewable Energy Database of State Incentives 
for Renewables & Efficiency. The following list may not be exhaustive.  
Federal Incentive Programs 
1. U.S. Department of Energy – Loan Guarantee Program  
http://energy.gov/lpo/loan-programs-office 
2. U.S. Department of Energy – Qualified Energy Conservation Bonds 
 http://energy.gov/eere/slsc/qualified-energy-conservation-bonds 
3. U.S. Department of Energy – Tribal Energy Program Grant 
 http://apps1.eere.energy.gov/tribalenergy 
4. U.S. Department of Agriculture – High Energy Cost Grant Program 
http://www.rd.usda.gov/programs-services/high-energy-cost-grants 
5. U.S. Department of Agriculture – Repowering Assistance Biorefinery Program 
http://www.rd.usda.gov/programs-services/repowering-assistance-program 
6. U.S. Department of Agriculture – Rural Energy for American Program (REAP) Loan Guarantees 
 http://www.rurdev.usda.gov/rbs/busp/bprogs.htm 
7. U.S. Department of Agriculture – Rural Energy for American Program (REAP) Grants 
 http://www.rd.usda.gov/reap 
8. U.S. Department of Agriculture – Biorefinery Assistance Program 
 http://www.rd.usda.gov/programs-services/biorefinery-assistance-program 
9. U.S. Internal Revenue Service – Modified Accelerated Cost-Recovery System (MACRS) 
 http://programs.dsireusa.org/system/program/detail/676 
10. U.S. Internal Revenue Service – Business Energy Investment Tax Credit (ITC) 
 http://programs.dsireusa.org/system/program/detail/658 
11. U.S. Internal Revenue Service – Renewable Electricity Production Tax Credit (PTC) 
 http://www.irs.gov/pub/irs-pdf/f8835.pdf 
12. U.S. Internal Revenue Service – Clean Renewable Energy Bonds (CREBs)  
 http://www.irs.gov/Tax-Exempt-Bonds 
13. U.S. Internal Revenue Service – Qualified Energy Conservation Bonds (QECBs) 
 http://energy.gov/eere/slsc/qualified-energy-conservation-bonds 





Colorado State-level Incentive Programs 
1. Clean Water State Revolving Fund Loan Program sponsored by the U.S. EPA 
 https://www.colorado.gov/pacific/cdphe/wq-grants-and-loans 
2. EZ Investment Tax Credit Refund for Renewable Energy Projects 
 http://www.advancecolorado.com/funding-incentives/incentives/enterprise-zone-tax-
credits 
3. Local Option – Sales and Use Tax Exemption for Renewable Energy Systems 
 http://programs.dsireusa.org/system/program/detail/2502 
4. Sales 83: Sales Tax Exemption on Components for Production of Energy from Renewable 
Energy Sources 
https://www.colorado.gov/pacific/sites/default/files/Sales83.pdf 
5. Local Option – Property Tax Exemption for Renewable Energy Systems 
 http://programs.dsireusa.org/system/program/detail/2501 
6. Colorado Alternative Fuel Vehicle and Infrastructure Grant Program 
 https://www.colorado.gov/pacific/energyoffice/alt-fuels-colorado 
7. Colorado Energy Office – Public Energy Performance Contracting  
 https://www.colorado.gov/pacific/energyoffice/public-energy-performance-contracting 
Note: some electric utilities provide incentives for generating on-site electricity (e.g. Holy Cross 
Energy – Renewable Energy Rebate Program: http://www.holycross.com/rebates/renewable-
energy-rebates) 
 
Table F.5. Age of Aerobic Digesters & Anaerobic Digesters in Colorado  
Aerobic Digesters (n=11 ages reported) 
Years installed: 1973, 1980, 1986 (x2), 1987, 1988, 1994, 2000 (x2), 2012, 2013 
Average year installed: 1993 
Anaerobic Digesters (n=17 ages reported) 
 Years installed: 1937, 1953, 1955, 1958, 1964, 1977, 1979, 1980, 1985 (x3), 1986, 1988, 
1998 (x3), 2016 
 Average year installed: 1979 
Biogas Recovery (process not specified) (n=13 ages reported) 
 Years installed: unknown, 1959, 1964, 1965, 1977, 1985 (x2), 1986 (x2), 1998 (x2), 2002, 
2016 




Table F.6. Applicable Colorado Regulations  
The following table lists applicable federal and state regulations at the time of this study, 
as well as links to appropriate webpages. A brief description of each program is found at the 
U.S. Department of Energy’s Energy Efficiency & Renewable Energy Database of State 
Incentives for Renewables & Efficiency. The following list may not be exhaustive.  
Federal Regulations 
1. Energy Goals and Standards for Federal Government 
 http://www1.eere.energy.gov/femp/regulations/requirements_by_subject.html 
2. Green Power Purchasing Goal for the Federal Government 
 http://www1.eere.energy.gov/femp/regulations/requirements_by_subject.html#re 
3. Interconnection Standards for Small Generators 
http://programs.dsireusa.org/system/program/detail/2774 
Colorado Regulations & Standards 
1. Colorado Renewable Energy Standard 
 https://www.colorado.gov/pacific/energyoffice/renewable-energy-standard 




3. Colorado House Bill 07-1281. Concerning Increased Renewable Energy Standards. 
 http://www.leg.state.co.us/clics/clics2007a/csl.nsf/fsbillcont/C9B0B62160D242CA872572
51007C4F7A?Open&file=1281_enr.pdf 
4. Senate Bill 10-177. Concerning the Promotion of Clean Energy Technologies 
 http://www.leg.state.co.us/clics/clics2010a/csl.nsf/fsbillcont2/97C0229ED33B43B187257
6D600543865/$FILE/177_enr.pdf  
5. Colorado Senate Bill 13-252. Concerning Measures to Increase Colorado’s Renewable 
Energy Standard so as to Encourage the Deployment of Methane Capture Technologies. 
 https://statepowerproject.files.wordpress.com/2014/03/sb13252_enr.pdf 
6. Colorado House Bill 14-1159. Concerning a State Sales Tax Exemption for Components 







Table F.6. Continued 
7. Energy Efficiency Resource Standard 
 http://programs.dsireusa.org/system/program/detail/4489 
8. Mandatory Green Power Option for Large Municipal Utilities 
 http://programs.dsireusa.org/system/program/detail/248 
9. Greening of State Government (Colorado) – Energy standards for public buildings 
 http://www.colorado.gov/cs/Satellite/GovEnergyOffice/CBON/1251597744880#tab6 
 http://programs.dsireusa.org/system/program/detail/1703 
10. Colorado Interconnection Standards 
 http://programs.dsireusa.org/system/program/detail/1266 
11. Colorado Net Metering 
 http://programs.dsireusa.org/system/program/detail/271 
Note: some cities in Colorado have developed green power purchasing goals or green building 
requirements for government buildings. Cities with readily identifiable programs include: Denver, 
Boulder, Aspen, Fort Collins, and Colorado Springs. 
 
F.15. Evaluation of Costs and On-site Energy Production 
Each WWTF in Colorado has varying circumstances that influence their decision to 
implement AD and/or CHP; however, two hypothetical scenarios are worth evaluation: (1) a 5 
MGD WWTF without AD conducting a cost evaluation for the implementation of sludge 
thickening, anaerobic digestion, biosolids dewatering, and either a boiler or CHP; and (2) a 10 
MGD WWTF with AD conducting a cost evaluation for the implementation of CHP. The following 
section describes methods and supporting results for the evaluation of capital costs, operations 
& maintenance (O&M) costs, heat energy generation from boilers, and energy generation 
(electrical and heat) from CHP for the two hypothetical scenarios.   
F.S2.1. Wastewater Treatment Process Modeling & Cost Determination 
Biowin 5.2. was used to model WWTF processes. CAPDETWorks (Hydromantis, Inc.) 
was subseqentally used to determine capital costs and O&M costs for a WWTF treating an 
actual flowrate of 5 MGD (18927 m3 d-1) using the below assumptions. Costs for CHP 
technologies was derived from the U.S. EPA’s Combined Heat and Power Catalog of 







F.16. Influent Wastewater Characteristics  
Characteristics for influent raw domestic wastewater were determined from 400-day 
averages of observed at a WWTF in Colorado. The observed wastewater strength is considered 
medium-high strength relative to domestic wastewater characteristics described in 
Tchobanoglous et al. (2003). 
 
Table F.7. Composition of untreated domestic wastewater used as WWTF influent.  
Contaminant     Unit   Concentration   
Total Solids (TS)    mg L-1   980 
Total Dissolved Solids (TDS)   mg L-1   680 
 Fixed     mg L-1   410 
 Volatile     mg L-1   270 
Total Suspended Solids (TSS)   mg L-1   285 
 Fixed     mg L-1   20 
 Volatile (VSS)    mg L-1   265 
Settleable Solids    mg L-1   14 
Biochemical Oxygen Demand (5-day)  mg L-1   240 
Total Organic Carbon (TOC)   mg L-1   190 
Chemical Oxygen Demand (COD)  mg L-1   585 
 Total Biodegradable COD  mg L-1   435 
 Soluble Biodegradable COD  mg L-1   238 
 Particulate Biodegradable COD mg L-1   197 
 Inorganic COD    mg L-1   150 
 Soluble Inorganic COD  mg L-1   82 
 Particulate Inorganic COD  mg L-1   68 
Nitrogen, Total     mg L-1   50 
 Organic    mg L-1   15 
 Free Ammonia    mg L-1   35 
 Nitrates    mg L-1   0 
 Nitrites     mg L-1   0 
Phosphorus, Total    mg L-1   4 
 Organic    mg L-1   1.5 
 Inorganic    mg L-1   2.5 
Chlorides     mg L-1   68 
Sulfate      mg L-1   60 
 
F.17. Primary Clarification, Conventional Activated Sludge, and Secondary Clarification 
Design 
Approach. A single-stage, complex-mix activated sludge reactor with mechanical 
aeration for BOD removal (i.e., without nitrification/denitrification) with primary and secondary 
clarification was used for modeling. Bioreactor performance and aeration basin energy use was 




Assumptions. The following assumptions were made concerning bioreactor modeling 
and performance. Performance parameters were determined from Tchobanoglous et al. (2003) 
or from default performance parameters in BioWin 5.2. 
  
1) Primary clarifier characteristics: 
2 rectangular clarifiers with a total volume of 1900 m3, total surface area of 475 m2, 
and sidewater depth of 4m  
Detention time = 2.4 hours 
Surface overflow rate = 40 m3 m-2 d-1 
Underflow rate = 200 m3 d-1 
Sludge specific gravity = 1.05 
% TSS removal = 60% 
% COD removal = 37% 
2) Bioreactor dimensions: 
Total volume = 20,000 m3 
Total surface area = 4444.4 m2 
Depth = 4.5 m 
Width = 4.0 m 
3) Diffused aeration: 
Aeration factors: 
Alpha = 0.65 
Beta = 0.95 
kW needed for mixing determined by BioWin (W m-3) 
DO set point = 2.0 mg L-1 
Diffuser density = 10% 
Number of diffusers = 10,840 
4) SRT = 3 days 
5) Recycle ratio of waste activated sludge = 0.5  
6) BioWin Version 5.2 default kinetic parameters were used for microbial modeling 
7) Secondary clarifier characteristics: 
Total volume = 3440 m3 
Total surface area = 860 m2 




Surface overflow rate = 22 m3 m-2 d-1 
Underflow rate = 680 m3 d-1 
 
F.18. Sludge Thickening 
Approach. Sludge was assumed to be thickened using one gravity belt-press thickener 
(GBT) with acrylonitrile polymer addition. Primary sludge was assumed to be mixed with WAS 
prior to thickening. Polymer was dosed at a rate of 5 g per kg of dry solids to produce a 3% dry 
solids content in the sludge.  
Assumptions. The following assumptions were made concerning gravity belt-filter press 
thickener modeling and performance: 
 1) Fats, oils, and grease (FOG) was assumed to be transported directly to the thickening 
unit from the primary clarifier without prior treatment.  
 2) Assumed that 5% of the sludge entering the GBT is returned to the primary clarifier as 
filtrate. Assumed that 95% of the sludge flow was thickened and routed to a digester unit (Section 
14-6, Tchobanoglous et al. ((2003)). 
 3) Energy required for upstream mixers was modeled using the approach described in 
Section 5-4 of Tchobanoglous et al. (2003). 
 
F.19. Anaerobic Digestion 
Approach. Anaerobic digestion of biosolids was used for stabilization of biosolids and 
generation of biogas. A cylindrical single-stage, high-rate, complete-mix digester operated at 35 
C was assumed. Ambient temperature was assumed to be 25 C. Parameters for modeling 
heat requirements were based on the sludge capacity of the digester, the specific heat of the 
sludge, and the heat lost to the walls, roof, and floor. Digesters were designed based on 
parameters in Tchobanoglous et al. (2003) for an above-ground, plain concrete digester with 
floating cover.  
Assumptions. The following assumptions were made concerning anaerobic digestion 
modeling and performance: 
 1) Class B biosolids are achieved after 18 days of digestion at 35 C 
 2) Specific gravity of the sludge = 1.02 
 3) VS reduction = 0.7 
 4) % moisture of thickened solids = 97% 




 6) Kd (d-1) = 0.03 
 7) Specific heat of the sludge (J kg-1 C-1) = 4200 
 8) % CH4 in the biogas = 65%  
9) Ambient Temperatures for 25C Scenario: 
Earth Temperature (C) = 15 
Air Temperature (C) = 17 
Incoming Sludge Temperature (C) = 15 
10) Heat Loss Coefficients:  
Walls with insulation (w m-2 C-1) = 0.7 (plain concrete walls above ground, 300 
mm thick with insulation) 
Floor in contact w/ earth (w m-2 C-1) = 2.85 (plain concrete floor, 300 mm thick in 
contact with moist earth) 
Floating cover w/ insulation (w m-2 C-1) = 0.95 (floating cover with 25 mm 
insulating board installed under roofing) 
Heat exchanger (w m-2 C-1) = 1.2 
11) Electricity to heat digesters was offset by heat produced by CHP. A tube-in-tube heat 
exchanger was assumed for each configuration.  
 
F.20. Biosolids Dewatering 
Approach. Biosolids were assumed to be dewatered using centrifugation with 
acrylonitrile polymer addition after anaerobic digestion. Polymer was dosed at a rate of 5 g per 
kg of dry solids to produce a cake with 20% solids. 
Assumptions. The following assumptions were made concerning sludge dewatering 
modeling and performance: 
 1) Assumed that 5% of the solids entering the centrifuge is returned to the primary 
clarifier in the filtrate. Assumed that 95% of the solids were dewatered prior to storage, 
transportation, and land application (Section 14.13, Tchobanoglous et al. (2003)).  
 2) Energy required for upstream mixers was modeled using the approach described in 
Section 5-4 of Tchobanoglous et al. (2003). 
 
F.21. Boiler Efficiency  
For Scenario 1 (i.e., 5 MGD WWTF constructing sludge thickening, AD, and biosolids 




combustion and heat generation while the remaining 58% was assumed flared (Tarallo et al., 
2015).   
 
F.22. Combined Heat & Power  
Two CHP technologies were examined: (1) gas engine generator, and (2) microturbine. 
For the 5 MGD WWTF scenario, a nominal capacity of 100 kW was selected. For the 10 MGD 
WWTF scenario, a nominal capacity of 300 kW was selected. Capital and O&M costs were 
determined using the U.S. EPA’s Combined Heat and Power Catalog of Technologies 
(September 2017). An efficiency of 30% was assumed for electrical energy production, while an 
efficiency of 40% was assumed for thermal energy (i.e., heat). 65% of the produced heat was 
assumed routed to the AD as an electricity offset (Tarallo et al., 2015). Table F.10 provides 
capital and O&M costs for each evaluated CHP technology.  
According to the U.S. EPA’s CHP Catalog of Technologies (Septemeber 2017), the 
design life for gas engine generator was assumed to be 37,500 hours or approximately 4.3 
years. The design life for microturbines was assumed to be 60,000 hours or approximately 6.8 
years. After this lifespan, CHP technologies would need to be replaced or undergo costly 
overhaul. 
 
F.23. Net Present Value Determination  
To most accurately assess the capital budget and the profitability of construction of 
sludge thickening, AD, and biosolids dewatering, capital costs were subjected to net present 
value analysis using discount rates of 5%, 8%, and 10%. Results are depicted in Table F.9.  
 
Table F.8. Cost Estimations for Sludge Thickening, Anaerobic Digestion, and Biosolids 
Dewatering Processes using CAPDETWorks (Hydromantis, Inc.). Costs are adjusted to 2016 
dollars using annual rates of inflation (see table notes).  
A. Process Capital Construction Costs. Costs for sludge thickening, anaerobic digestion, and 
centrifuge dewatering. Other total costs are displayed, as are individual “other” costs.  
Process   Capital Cost 
Gravity Belt Thickener  $1,503,800 
Anaerobic Digestion  $4,094,600 
Centrifuge Dewatering  $1,119,300 
Total Other Costs  $5,014,700 
 Mobilization   $190,700 
 Site Preparation  $275,100 




Table F.8. Continued. 
 
Process    Capital Cost 
 
Yard Piping   $357,000 
 Instrumentation & Control $270,400 
 Construction Profit  $900,000 
 Legal Costs   $138,000 
 Engineering Design Fee $1,037,100 
 Inspection Cost  $138,000 
 Continency    $690,000 
 Technical   $138,000 
 Miscellaneous    $345,400 
 
Table F.8.B. Capital Costs & Net Present Value 
Cost      Value 
Project Capital Cost (no discount)  $11,730,000 
Net Present Value (10% discount rate) $17,197,300 
Net Present Value (8% discount rate)  $18,549,700 
Net Present Value (5% discount rate)  $21,540,000 
 
Table F.8.C. Annual Operations & Maintenance Costs 
Cost      Value ($/yr) 
Operation     $215,600 
Maintenance     $45,000 
Material      $102,000 
Chemical     $37,700 
Energy      $171,400 
Total      $571,700 
 
Notes:  
(1) Costs were adjusted from 2007 dollars to 2016 dollars using the following annual inflation 
rates (U.S. Inflation Calculator, 2017): 2008: 3.8%; 2009: -0.4%; 2010: 1.6%; 2011: 3.2%; 2012: 
2.1%; 2013: 1.5%; 2014: 1.6%; 2015: 0.1%; 2016: 1.3%  
Table F.8.D. Cost Estimations for CHP Technologies. Costs are derived from the U.S. EPA’s 
Combined Heat and Power Catalog of Technologies (September 2017). Annual O&M Costs are 
derived from observed biogas production rates from WWTFs in Colorado. 
Technology    Capital Costs   Annual O&M Costs 
Gas Engine Generator (300 kW) $862,900   $81,800 
Gas Engine Generator (100 kW) $290,000   $45,600 
Microturbine (300 kW)  $790,700   $35,000 




F.24. Cost of Grid Electricity & Estimation of On-site Energy Generation from CHP  
 The following sections discuss the cost of grid electricity, estimations of onsite energy 
generation, and projected energyy and heat generation.  
F.24.1. Cost of Grid Electricity.  
Cost of electricity for the industrial sector in Colorado in October 2017 was 7.37 cents 
per kWh (U.S. EIA, 2017). This value was used for analysis and comparison.  
F.24.2. Estimation of On-site Energy Generation from CHP.  
Biogas production rates reported by WWTFs with AD in Colorado were used to estimate 
electrical energy production and heat energy production. CHP efficencies of 30% for electricity 
production and 40% for heat production were assumed. Of the heat energy produced, 65% was 
assumed routed to AD and used as an electricity offset (Tarallo et al., 2015). The following 
figures (Figures F.9 and F.10) depict electricity production and heat production using values 
from WWTFs. The linear regression equations were used to estimate production for the 
theoretical 5 MGD and 10 MGD WWTFs examined. 
F.24.3. Estimation of On-site Heat Production from Boiler (5 MGD scenario).  
Biogas production rates reported by WWTFs with AD in Colorado were used to estimate 
heat energy production from a boiler unit that used 42% of the produced biogas (the remaining 
58% was assumed flared) (Tarallo et al., 2015). Of the heat produced by the boiler, 78% was 
assumed routed to AD to maintain 35 C and was used as an electricity offset. The following 
figure (Figure F.11) depicts heat production using values from WWTFs. The linear regression 
equation was used to estimate production for the theoretical 5 MGD WWTF examined (scenario 
without CHP). 
F.24.4. Projected Electricity and Heat Generation from CHP Technologies and Boiler.  
Linear regression equations from Figures F.9 to F.11 were used to estimate the 
electrical energy and heat energy for CHP, as well as heat energy production from a boiler (5 
MGD scenario only). Table F.9 depicts results that were used for cost analyses. Note the 
reported biogas generation from WWTFs in Colorado is slightly higher than the “typical” WWTF 
with primary treatment, sludge thickening, AD, and dewatering provided in Tarallo et al. (2015). 
According to Tarallo et al. (2015), using the same efficiency assumptions, a WWTF treating 5 
MGD of wastewater should typically generate 3155 kWh d-1 of electrical energy, while a WWTF 






Figure F.9. Estimated Electrical Energy Production from CHP at WWTFs in Colorado. Two 




Figure F.10. Estimated Heat Energy Production from CHP at WWTFs in Colorado. Two outlier 





Figure F.11. Estimated Heat Energy Production from a Boiler Using Data from WWTFs in 
Colorado (5 MGD scenario). Two outlier WWTFs were removed (Facilities 1 and 7 from Table 
2). 
 
Table F.9. Estimated Electricity and Heat Generation from CHP Technologies and Boiler.   
 
A. Estimated Electricity Generation from CHP Technologies. Annual costs offset were calculated 
using the cost of grid electricity (Section S2.2.A). 
 
Actual Flowrate Treated (MGD) Electrical Energy (kWh d-1)  Annual Costs Offset ($/yr) 
5 MGD     5200     $140,025 
10 MGD    9800    $263,445 
 
B. Estimated Heat Generation from CHP Technologies. Annual costs offset were calculated using 
the cost of grid electricity (Section S2.2.A). 
 
Actual Flowrate Treated (MGD) Heat Energy (kWh d-1)   Annual Costs Offset ($/yr) 
5 MGD     4500     $121,355 
10 MGD    8500    $228,320 
 
C. Estimated Heat Generation from Boiler. Annual costs offset were calculated using the cost of 
grid electricity (Section S2.2.A), which would normally be used to heat AD to 35 C. 
 
Actual Flowrate Treated (MGD) Heat Energy (kWh d-1)   Annual Costs Offset ($/yr) 







F.25. Discounted Payback Period Calculations for Return on Investment (CHP equipment) 
Discounted payback period, which can be defined as the period of time over which cash 
flows from an investment pay back the capital costs while factoring in the time value of money, 
was selected to determine the return on investment for CHP equipment. Specifically, discount 
rates of 1%, 5%, 8%, and 10% were used to assess the payback period for capital costs of CHP 
equipment given the annual eletricity costs offset (see Section 2.2.D). No taxes for the initial 
capital investment were included as the State of Colorado has a tax credit for the purchase of 
renewable energy equipment.    
Of note, using the time value of money, CHP technologies will not cover the capital costs 
for sludge processing equipment (thickening, AD, and dewatering) in any scenario examined. 
Using a simple payback period calculation for the return on investment, which would not include 
the time value of money, but would calculate an eventual pay off the capital costs for all sludge 
processing equipment, is not accurate and was not used for analysis.   
Results for discounted payback period calculations for each CHP scenario (10 MGD and 
5 MGD) are included in Table S8.  
 
Table F.10. Discounted Payback Period for CHP Technologies Examined. Annual income was 
calculated as the electrical energy generated (an offset from grid energy) + heat energy 
generated (an offset from grid energy) – annual O&M costs. Cumulative income is dsplayed, 
and the year of payoff for each scenario is bolded. Capital costs for CHP technologies are found 
in Table S6. Note, for each scenario, capital costs are paid off prior to required major overhaul 
or CHP equipment replacement.  
 
1% Discount Rate 
Technology  Year 1  Year 2  Year 3  Year 4  Year 5 
Gas Engine (300 kW) $410,000 $811,900 $1,202,000 $1,576,900 $1,933,600 
Gas Engine (100 kW) $215,800 $427,300 $632,600 $829,900 $1,017,600 
Microturbine (300 kW) $456,800 $904,500 $1,339,100 $1,756,700 $2,154,100 
Microturbine (100 kW) $235,200 $465,800 $689,600 $904,600 $1,109,200 
 
5% Discount Rate 
Technology  Year 1  Year 2  Year 3  Year 4  Year 5 
Gas Engine (300 kW) $410,000 $781,900 $1,103,100 $1,367,400 $1,574,500 
Gas Engine (100 kW) $215,800 $411,500 $580,600 $719,700 $828,700 
Microturbine (300 kW) $456,800 $871,000 $1,228,900 $1,523,300 $1,754,000 








Table F.10. Continued 
 
8% Discount Rate 
Technology  Year 1  Year 2  Year 3  Year 4  Year 5 
Gas Engine (300 kW) $410,000 $761,500 $1,040,600 $1,245,700 $1,385,200 
Gas Engine (100 kW) $215,800 $400,800 $547,600 $655,600 $729,100 
Microturbine (300 kW) $456,800 $848,300 $1,159,200 $1,387,700 $1,543,200 
Microturbine (100 kW) $235,200 $436,900 $596,900 $714,600 $794,700 
 
10% Discount Rate 
Technology  Year 1  Year 2  Year 3  Year 4  Year 5 
Gas Engine (300 kW) $410,000 $748,800 $1,003,400 $1,177,300 $1,285,300 
Gas Engine (100 kW) $215,800 $394,100 $528,100 $619,600 $676,400 
Microturbine (300 kW) $456,800 $834,200 $1,117,800 $1,311,600 $1,431,800 
Microturbine (100 kW) $235,200 $430,000 $575,600 $675,400 $737,300 
 
F.26. Return on Investment – Survey Results. 
WWTFs in Colorado were asked about the anticipated return on investment for energy-
related projects, such as AD and CHP. WWTFs provided widely varying responses, the most 
common of which were “unknown” (48%, n=22), 10-20 years (15%, n=7), and “depends on the 







TECHNOLOGY APPLICATION:  
METHANE-GENERATION VIA ANAEROBIC MICROBES AS A SUSTAINABLE APPROACH 
FOR RESOURCE-LIMITED DEEP SPACE EXPLORATION 
 
29A version of this manuscript was published in Purview: Journal of the U.S. Army Space and 
Missile Defense Command 
 
Andrew Pfluger30, Linda Figueroa31, Junko Munakata-Marr31 
 
As NASA considers astronaut-led long-duration missions into deep space, such as the 
exploration and colonization of Mars, many basic questions concerning the development of 
sustainable life-support systems remain. NASA, or even private citizens with deep space 
aspirations such as Elon Musk, must grapple with developing solutions to routine operations 
without weekly, monthly, or even yearly, resupply from Earth. Before humans embark on such 
missions, basic questions need to be addressed, such as: Can humans sustainably grow food? 
How will humans create needed materials, such as replacement parts for vehicles, scientific 
equipment, or living quarters? How will humans sustainably deal with generated organic wastes, 
such as left-over food or human excrement? Will humans always be close enough to the sun to 
generate sufficient quantities of renewable energy via solar power? The answers to some of 
these questions may reside within the metabolism of microbes – the microscopic bacteria and 
archaea that are ubiquitous in all earth environments today.    
The earth’s ecosystems, to include the human body, are fueled by the cycling of 
nutrients, such as carbon, nitrogen, and phosphorus. Nutrient cycling is tremendously complex 
and occurs in numerous ways on earth – from physical or chemical weathering to processes 
mediated by microbial life. Sustainable nutrient cycling, i.e. cycling nutrients without loss to the 
environment, is essential as humanity expands further from our home planet and some key 
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nutrients become less available. Effectively harnessing the metabolism of several important 
microbes can be a solution. Microbes continually create or break down chemical compounds, 
especially organic compounds, for the generation of energy or to synthesize new cells. While 
several microbially regulated biochemical reactions may be useful for sustaining human-led 
deep space missions, potentially one of the most useful is the degradation of organic 
compounds by anaerobic organisms such as hydrolyzers, acetogens, and methanogens – 
processes that ultimately create energy-rich methane gas (Madigan et al., 2017). The rest of 
this article focuses on two approaches that address some of the aforementioned challenges, 
specifically the generation of methane and nutrient cycling by anaerobic microbes, and microbial 
generation of bioplastics using methane gas.    
Organic compounds, which are comprised of common elements such as carbon, 
nitrogen, hydrogen, and oxygen, are the building blocks of life. Numerous biologically important 
organic compounds exist, including proteins (e.g. enzymes), fats, and carbohydrates, which are 
found in all organic waste products, such as food waste and human excrement. Such organic 
waste products will invariably be created wherever humans exist, and must be either treated or 
wasted. For example, on earth, waste streams from homes, restaurants, and businesses, are 
treated using two different microbially mediated approaches. First, the far more common 
approach is the aerobic treatment of wastewater. Here microbes that use oxygen treat 
wastewater in open air environments over a broad range of temperatures. While aerobic 
wastewater treatment is effective on earth, it also requires substantial amounts of energy to 
overcome low rates of oxygen transfer from atmospheric diffusion to effectively remove organic 
wastes from water (Tchobanoglous et al., 2003). These limitations make aerobic treatment of 
organic waste streams a poor and likely unviable option for deep space exploration and 
colonization. A second approach is the treatment of organic waste streams via anaerobic 
microbes. Here microbes degrade complex organic compounds in the absence of oxygen. 
Treating organics anaerobically has several potential advantages. First, anaerobic treatment of 
organics has the potential to be energy-positive, which is defined as the potential to generate 
more energy than is required to operate the treatment system (McCarty et al., 2011). This feat is 
accomplished by the generation of methane-rich biogas as an end-product of the anaerobic 
microbial metabolism (Ferry, 2010). The produced methane in the biogas can easily be 
harnessed and subsequently converted into useable electricity. Second, due to the lower energy 
available to anaerobic microbes, less overall biomass is produced, reducing the amount of 




as future space colonies. The anaerobic treatment of organic biosolids generated from aerobic 
wastewater treatment is commonly used at large wastewater reclamation facilities today. Direct 
anaerobic treatment of wastewater using biological reactors such as the anaerobic baffled 
reactor, and co-digestion of multiple organic waste streams including food waste and 
wastewater biosolids in large-scale anaerobic digesters, are promising areas of on-going 
research for renewable energy generation (Kalogo et al., 2008). Beyond creating methane gas, 
each of these technologies further facilitates nutrient cycling as the resulting digested solids can 
be used as crop fertilizer, thereby cycling nutrients back into the food chain. Figure G.1 provides 
a general depiction of nutrient and energy flows in the anaerobic degradation of organic 
compounds. These attributes make anaerobic treatment of organic waste streams a potentially 
viable option for deep space exploration. 
  
 
Figure G.1. Simplified nutrient and energy cycle using anaerobic digestion in deep space 
exploration. (A) Organic waste material is generated in the form of food wastes, human 
excrement, etc. (B) Anaerobic degradation of organic waste in digesters to intermediate 
products, such as acetate. (C) Generation of nutrient-rich biosolids, which can be used as a 
fertilizer for crops. (D) Generation of methane gas by methanogenic archaea. (E) Generation of 
food crops via nutrient rich biosolids and CO2 generated as a by-product of energy generation. 
(F) Energy generation from methane gas, which produces electricity, heat, and CO2. (G) 





Beyond its use as an energy source, methane can be of additional benefit as a source 
for bioplastic production in deep space. Methane gas serves as a substrate and electron donor 
for methanotrophic bacteria, which are ubiquitous on earth. Under stressed conditions, e.g. 
when certain nutrients are not available, methanotrophs develop a carbon-based intracellular 
inclusion called polyhydroxybutyrate (PHB), which can be harvested and transformed into a 
biodegradable plastic (Pfluger et al., 2011). Devices such as 3-D printers could theoretically 
mold PHB-based plastics to generate a number of useful parts or tools in deep space. Further, 
PHB-based plastics degrade quickly in anaerobic digesters, while petroleum-based plastics, 
which are commonly used today, take several hundreds to perhaps thousands of years to 
degrade and cycle nutrients back into the ecosystem (Rostkowski et al., 2012). As shown in 
Figure G.2, one can imagine a scenario where PHB plastic wastes can be placed in an 
anaerobic digester that breaks down the biopolymer while generating methane gas. The 
methane gas can in turn be used to grow more methanotrophic bacteria and more PHB, 
creating raw material for bioplastics. This “cradle-to-cradle” solution (as opposed to “cradle-to-
grave” handling of waste) (Katherine H. Rostkowski et al., 2012) is the type of sustainable 
solution required by astronauts for long-duration, deep-space missions. Mango Materials, a 
start-up company located in Silicon Valley, is exploring efficient ways to mass-produce PHB-
based plastics from methanotrophs and currently has a grant from NASA to explore the growth 
in methanotrophs in space-like conditions (Mango Materials, 2017).  
Despite the promise of the aforementioned anaerobic microbial technologies, substantial 
challenges remain before such technologies are viable for long-duration, deep space missions. 
For example, questions remain concerning the viability of microbes traveling for long periods of 
time through space while being exposed to increased UV radiation. Further, additional study 
concerning the start-up and operation of biological reactors operated under conditions other 
than those found on earth is required. Mars, for example, contains a gravitational pull only 0.375 
times that of earth’s gravity (NASA, 2017b). The function of microbes in lesser gravity, or no 
gravity at all, is a nascent area of research, and examination of full-scale anaerobic bioreactors 
is required before these reactors are deemed a reliable technology for deep space exploration. 
Many other questions remain, and it is up to researchers knowledgeable in the fields of 
astrobiology, microbiology, and biotechnology to develop solutions prior to implementing trusted 
microbial technologies in outer space.  
Deep space exploration is an on-going mission set for NASA (NASA, 2017a). 




cycling and conservation, and the creation of replacement tools or repair parts, need to be 
developed before long-duration missions to Mars or beyond are truly feasible. The metabolism 
of anaerobic microbes may hold the key to solving several of these challenges, but further 
research is required. Solutions to these challenges will be developed by not just those in 
academia, but those in the greater space community who have a more complete understanding 
of the challenges associated with operating in austere environments, such as Army and Air 
Force Space Operations officers. 
 
 
Figure G.2. Proposed cradle-to-cradle cycle for the creation of bioplastics from methane gas in 
deep space. (A) Anaerobic digesters create methane gas. (B) Methane gas is a substrate for 
the growth of methanotrophic bacteria in bioreactors. (C) Methanotrophic bacteria are stressed 
in nutrient-limited conditions to grow PHB. (D) PHB is harvested from methanotrophs and turned 
into a powder for the creation of bioplastics. (E) Bioplastic tools or parts are created from PHB, 
which are disposed of in an anaerobic digester once used and no longer servicable. Figure 
adapted from Pfluger (2010). 
 
Stimulus Questions: 
1) What systems that are common place on earth will pose practical challenges during deep 




2) Given that resupply missions will be few and far-between, what technologies can be 
developed to sustain human-life and mission operations using resources available on Mars or 
other deep space locations? 
3) Aside from technologies based on the metabolism of anaerobic microbes, what other 
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H.1. Can Organic Wastes Contribute to Energy Security?  
Energy security can be defined as assured access to reliable energy supplies and the 
ability to protect and deliver energy to accomplish our nation’s military missions. DoD’s reliance 
on energy derived from fossil fuels is well documented – both on installations and in recent 
contingency operations. Documents such as DoD Instruction 4170.11 (Installation Energy 
Management) and DoD Instruction 4180.01 (DoD Energy Policy) provide guidance to DoD for 
energy planning, use, and management, as well as for developing solutions to maintain critical 
energy requirements during energy disruptions. Each military service has accordingly developed 
strategies to achieve energy security on its installations. While implementing renewable energy 
technologies is not a requirement for achieving energy security, other non-renewable solutions, 
such as back-up generators, which still rely on fossil fuels, are not sustainable and may not be 
cost-effective for long-term operation. To date, DoD installations have primarily employed solar, 
wind, geothermal, and biomass burning as renewable technologies to achieve energy security 
objectives. While energy derived from wind and solar are reliable, both technologies provide 
intermittent energy and therefore do not support baseline energy for mission critical operations. 
DoD installations have the capability to consistently generate baseline energy from another 
renewable source: biogas generated from the anaerobic treatment of organic wastes. Organic 
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wastes, to include carbohydrates, fats, and proteins found in domestic wastewater and food 
wastes, can be converted to methane-rich biogas via technologies that take advantage of the 
metabolism of anaerobic microbes (Figure H.1). Despite the energy-producing potential of 
anaerobic treatment, many installations fail to harvest energy from food waste and wastewater 
sludge, instead expending energy to treat and dispose of such energy-rich “waste” in landfills. 
The question, therefore, is: given DoD’s increasing emphasis on energy security, why aren’t 
anaerobic treatment technologies used as a source of consistent, renewable energy on military 
installations to meet baseline energy demands?  
 
 
Figure H.1. Biogas bubbles generated from a pilot-scale anaerobic baffled reactor for domestic 
wastewater treatment. Photo courtesy of Dr. Linda Figueroa.  
 
H.2. Current Energy Security Efforts: Army Example  
Due to the large number of efforts across DoD, this discussion will focus on renewable 
energy efforts within one branch of service, the Army, as an example. The Army has developed 
guiding documents, such as the Energy Security & Sustainability (ES2) Strategy (March 2015), 
which emphasize increasing reliance on renewable energy technologies. Documents such as 
Army Directive 2017-07 (Installation Energy and Water Security Policy) (February 2017) further 
direct assured access to redundant and diverse sources of renewable energy, as well as 14 
days of energy and water independence for mission-critical facilities. Beyond policy and 
strategy, the Army initiated a Net Zero program, which designated nine pilot locations, to include 




Water, and Waste, and one statewide Net Zero Energy National Guard location (Oregon). The 
efficacy of the Net Zero program and lessons learned to date are examined in several 
documents, to include the 2015 “Army Net Zero: Lessons Learned in Net Zero Energy” 
developed by the Alliance for Sustainable Energy, LLC, and the National Renewable Energy 
Lab. Under Net Zero, designated installations implement renewable energy technologies in an 
effort to produce as much energy as the installation uses, therein reducing fossil fuel 
dependence and enhancing energy autonomy and security. Due in part to the successes of the 
pilot installations, Army Directive 2014-02 (Net Zero Installations Policy) assigned responsibility 
to all Army installations to achieve Net Zero, wherever fiscally responsible.  
H.3. Anaerobic Technologies and Energy-generating Potential  
Wastewater treatment facilities can become energy-generating facilities if they employ 
anaerobic technologies, such as anaerobic digestion of wastewater biosolids or co-digestion of 
organic waste streams, coupled with combined heat and power technologies, such as 
microturbines (Figure H.2). If enough energy is generated from biogas, a facility can not only 
power itself, but can provide energy to surrounding infrastructure, while simultaneously 
providing assured wastewater treatment. Several DoD facilities currently use anaerobic 
digestion to stabilize wastewater sludge, however, there is no cohesive effort across DoD to 
generate energy from organic waste and analysis concerning the efficacy of digester use is not 
readily available. A feasibility study examining the co-digestion of wastewater biosolids and food 
waste was conducted at Fort Huachuca, Arizona, the results of which were published in March 
2017 by the USACE’s Engineer Research and Development Center / Construction Engineering 
Research Lab (Cosper et al., 2017). Findings suggest that co-digestion of multiple organic 
waste streams would be a win-win scenario as it diverts a significant waste stream from 
landfilling while generating power for the installation’s wastewater treatment facility. To date, 
however, the U.S. Military Academy is the only installation actively planning to incorporate co-
digestion as part of lifecycle upgrades to its wastewater treatment facility. Aside from co-
digestion of organic wastes, mainstream anaerobic treatment of domestic wastewater using 
reactors such as the upflow anaerobic sludge blanket, anaerobic baffled reactor, or anaerobic 
membrane bioreactors are emerging energy-generating technologies DoD can explore. Follow-
on biosolids treatment processes, such as hydrothermal liquefaction, incineration, or 
gasification, could also be used to offset fossil fuel requirements. The embedded energy and 
energy-generating potential can be estimated for each installation by examining the 




some study, each installation can complete a cost-benefit analysis to determine if harvesting 
energy from organic wastes is financially feasible and supportive of energy security needs. 
Available tools, such as the decision support approach for the selection of food waste 
technologies at military installations described in Chadderton et al., (2017) Journal of Cleaner 
Production, 2017, vol. 141) should be employed to determine what technologies are best-suited 
for each installation’s requirements.   
 
 
Figure H.2. Conceptual drawing showing waste in and energy out for anaerobic treatment 
systems. (A) Example current waste disposal schemes for some common organic wastes. (B) 
Conceptual drawing showing beneficial use of multiple organic waste streams using anaerobic 
technologies, produced biogas, and follow-on biosolids treatment options. Of note, mainstream 
treatment of dilute domestic wastewater usually requires a separate reactor system (e.g. upflow 
anaerobic sludge blanket or anaerobic baffled reactor) for treatment as it can be dilute to mix 
with other organic wastes (e.g., food wastes).  
 
H.4. Barriers to Implementation of Anaerobic Technologies on DOD Installations  
Despite the apparent potential of biogas-producing anaerobic technologies, several 
significant barriers to widespread implementation exist. A national survey conducted by the 
Water Environment Research Foundation in 2012 titled “Barriers to Biogas Use for Renewable 




heat and power fall into four categories: economic, technical, social, and regulatory. These 
general barrier categories are useful for framing why anaerobic digestion and co-digestion with 
energy recovery are not widely used in DoD; however, barriers to widespread implementation in 
DoD can be more nuanced (Figure H.3). One of the most important barriers is a failure to 
incorporate the potential of biogas-producing anaerobic technologies into energy-related 
decision cycles. Installations are unlikely to have conducted an analysis of the embedded 
energy in organic wastes or how to effectively harvest that energy using anaerobic technologies. 
The costs associated with upgrading or constructing required infrastructure also need to be 
considered, as some may be in disrepair (Figure H.4). Without a more comprehensive 
understanding of what digestion practices are used and the energy potential of available organic 
wastes, decision-makers are unlikely to modify existing practices. The location of some 
wastewater treatment facilities can also be a barrier, as some facilities are not located on 
installations and are not postured to support installation energy security requirements. In these 
cases, existing contracts would need to be negotiated such that the local facility would provide 
electricity generated from biogas back to the installation. Similarly, an effort within DoD to 
privatize wastewater treatment facilities has shifted control of some wastewater treatment to 
externally contracted agencies. Should DoD decided to upgrade energy-generating 
infrastructure, there may be a requirement to restructure contracts and potentially hire additional 
personnel. Further, large capital costs and a potentially lengthy approval and procurement 
process can also be major barriers. Last, shifting political priorities or conflicts with state-level 
energy laws or regulations regarding grid-tying in-house renewables could also prevent 
construction of on-site energy-generating equipment. The potential for anaerobic technologies 
to contribute to energy autonomy and security makes it prudent to systematically evaluate these 
barriers. 
H.5. Way-Ahead for Anaerobic Technologies to Support Energy Security  
A first step is to identify solids digestion practices currently used on military installations, 
as well as available infrastructure, even if in disrepair. The energy-generating potential from all 
available waste streams on each installation needs to be quantified and a complete cost-benefit 
analysis conducted using tools such as the EPA’s COEAT model. Barriers such as privatization 
and capital costs also should be considered, and plans to overcome each developed. From 
such an analysis, DoD leaders can make a more informed decision as to where implementing 
anaerobic technologies is a feasible option. Though results will vary by installation, widespread 




streams has potential to provide sufficient energy to power wastewater treatment facilities and 
possibly additional infrastructure, thereby enhancing energy security.  
 
Figure H.3. Barriers to widespread implementation of anaerobic technologies, such as 
anaerobic digestion of wastewater biosolids, on DoD installations. 
 
 




1. Capital costs for new or upgrading infrastructure 
2. Modifying existing contracts if wastewater 
treatment facilities are privatized 
3. Hiring additional personnel 
4. Additional operations & maintenance costs (e.g. 
biogas cleaning costs, turbine maintenance, etc.)
5. Timescale for implementation and anticipated 
return on investment (if applicable)
1. Surveying existing infrastructure across DoD
2. Developing new operational protocols
3. Diverting and rerouting organic waste streams
4. Preparation of food waste for digestion
5. Ensuring stable digester operations with multiple 
waste streams
6. Integrating electricity produced on-site into existing 
electrical grids
1. Gaining approval from decision-makers
2. Changing political climate and priorities 
3. Nesting anaerobic technologies within current 
renewable energy goals
4. Overcoming social preference for other renewable 
technologies (e.g., solar)  
5. Overcoming long lead times for approval 
1. Gaining approval from the state for on-site energy 
generation (as required)  
2. Modifying DoD regulations or policy documents
3. Modifying agreements with local communities if 
wastewater treatment infrastructure is located off 
installation 
4. De-conflicting with initiatives to privatize public 
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I.1. Abstract  
Maintaining student engagement for three consecutive hours during an evening lecture-
based course that meets once per week can be challenging. With the objective of enhancing 
student engagement, we integrated active learning interventions and four flipped classes in the 
evening, three-hour long senior-level air pollution control course at the Colorado School of 
Mines. The active learning interventions and flipped classes were purposefully placed 
throughout the course such that students were exposed to approximately one intervention each 
week. Active learning interventions included small-group exercises, student teaching exercises, 
and video-followed-by-discussion exercises. The four classes we selected to flip covered the 
following topics: particulate matter problem-solving techniques, indoor air pollution in developing 
countries, acid rain sources and effects, and carbon dioxide capture, transport, and 
sequestration. Students were issued a blind mid-course survey (n = 16 respondents) and an 
end-of-course survey (n = 9 respondents) to assess how effective the active learning 
interventions and flipped classes were in maintaining student engagement and teaching lesson 
objectives. On average, students responded that active learning techniques and flipped classes 
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aided their understanding and helped them stay engaged. Students were also asked to 
comment on several specific active learning interventions and on each of the four flipped 
classes. Results concerning specific active learning exercises and flipped classes varied, as 
students indicated that some interventions were useful, while others were not. Specifically, 
students felt that the flipped class concerning indoor air pollution in developing countries was 
effective in keeping them engaged and helping them learn lesson objectives, while activities 
such as “team teach” exercises, where a team of students, on rotation, briefly introduced 
selected topics to their peers, were less effective in helping them learn lesson objectives. While 
examining the effectiveness of these active learning interventions and flipped classes with an 
increased sample size over several years is likely needed to determine statistical significance, 
our experience indicates that choosing the appropriate classes to flip and suitable active 
learning interventions is challenging and selected interventions may not be immediately 
effective. Nevertheless, a variety of learning techniques is likely beneficial to maintain student 
engagement in a three-hour evening lecture course covering a highly technical topic such as air 
pollution control.  
I.2. Introduction 
According to ABET’s criteria for accrediting environmental engineering programs, air 
pollution, along with water, land, and environmental health, is a major focus area within 
environmental engineering curricula (ABET, 2016). Successfully integrating each of the 
aforementioned focus areas into a program’s curriculum can be difficult. Due to the busy nature 
of instructor and student schedules, some courses will invariably need to be taught in the 
evening or in larger blocks of time than a standard 55-minute lecture period. Maintaining student 
engagement in a longer evening course can be challenging. This study explores the integration 
of active learning interventions and flipped classes into a 3-hour, evening air pollution course, 
and gauges the effectiveness of these interventions in maintaining student engagement and 
teaching lesson objectives.  
The use of active learning interventions and the prevalence of flipped classrooms have 
increased in recent years (Koretsky et al., 2015). While still not universally accepted, some 
studies suggest that both active learning interventions and flipped class approaches can 
increase student learning and performance (Freeman et al., 2014; O’Flaherty & Phillips, 2015). 
Active learning interventions can be generally defined as any instructional method that engages 
students in the learning process (Prince, 2004). Several core elements of active learning include 




presented in the course curriculum, and regular assessment by students concerning their 
degree of understanding and handling concepts (Michael, 2006; Prince, 2004). According to 
Talbert (2015), flipped learning occurs when instruction moves from a group learning space to 
an individual learning space. The group space then becomes an interactive environment where 
the instructor guides students as they learn. The classroom component of flipped learning 
commonly involves active learning interventions (Berrett, 2012; Bishop & Verleger, 2013; 
Jamaludin & Osman, 2014). Numerous examples of active learning interventions and flipped 
classes in STEM courses are available, and several studies have outlined approaches in 
environmental engineering and science courses. A non-exhaustive list of several such studies is 
provided in Table I.1. Despite these examples, few readily available studies in published 
literature outline active learning interventions in air pollution courses and no readily available 
study discusses flipped classes in an air pollution course.  
 
Table I.1. A non-exhaustive listing of active learning interventions and flipped class approaches 
reported in environmental engineering and science courses. Full citations for each study are 
found in the references section.  
Type of Intervention Authors Year Title 
Active learning Thatcher et al., 
2007 
2007 Incorporating Active Learning into Environmental 
Engineering 
Active learning Grauer & Grauer, 
2010 
2010 Automobile Emissions: A Problem Based 
Learning Activity Using the Clean Air Act 
Active learning  Jones, P.C., 
Merritt, 1999 
2010 Promoting active learning for interdisciplinarity, 
values awareness, and critical thinking in 
environmental higher education 
Active learning Hill, J.L., Nelson, 
2011 
2011 New technology, new pedagogy? Employing 
video podcasts in learning and teaching about 
exotic ecosystems.  
Active learning Cupples, 2013 2013 The Use of Active Learning to Address ABET 
Course Learning Objectives in a Large 
Undergraduate Environmental Engineering 
Class 
Active Learning Luster-Teasley, et 
al., 2016 
2016 Making the Case: Adding Case Studies to an 
Environmental Engineering Laboratory to 
Increase Student Engagement, Learning, and 
Data Analysis 
Flipped class Bielefeldt, 2013 2013 Teaching a Hazardous Waste Management 







I.3. Course Description and Student Demographics 
Colorado School of Mines’ air pollution course was designed to help students become 
familiar with air pollution issues, understand the basic chemistry behind major air pollutants, 
develop a working knowledge of engineered approaches used to mitigate the effects of common 
air pollutants, and prepare them for future air pollution work in the public or private sectors. The 
course introduced air pollution fundamentals, such as the ideal gas law, US legislation, the 
source, nature, and control of particulate matter (PM) and gaseous pollutants, indoor air 
pollution, and dispersion modeling. The course contained two projects, one of which involved 
aspects of PM pollution (visibility, emissions, deposition), while the other measured indoor air 
pollutant concentrations (see Pfluger et al., 2012 for project details). A major course objective 
was to prepare students for the Fundamentals of Engineering Exam and the Principles and 
Practice of Engineering Examination for Environmental Engineers, which currently contains 23 
air pollution questions (NCEES, 2011). During the Spring 2016 semester, in which students 
were surveyed, 5 masters-level graduate students and 14 undergraduates (junior and senior-
level) were enrolled in the course. Of the 19 students, 17 were female and 2 were male. Each 
master’s student enrolled in the air pollution course was a member of either the civil and 
environmental engineering program or the environmental engineering and science program, and 
each undergraduate student enrolled was an environmental engineering major. A formal survey 
of students’ previous exposure to active learning interventions or flipped classes was not 
administered.   
I.4. Motivation for Integrating Active Learning Interventions and Flipped Classes 
The air pollution course at the Colorado School of Mines was initially taught in the Spring 
2015 semester as a 3-hour long, lecture-based, evening course that met once per week. Year-
end surveys and anecdotal student comments from first year of teaching the evening course 
indicated that the 3-hour time period was long and that students had problems maintaining the 
appropriate level of attention required to learn the material. Students also stated that more 
group interaction and active learning would be a welcome modification and would help them 
stay engaged. While some group activities were included in the course, there was no deliberate 
plan for integrating active learning interventions or flipped classes during the first year the 
course was taught.    
I.5. Active Learning Interventions and Flipped Classes 
Active learning interventions and flipped classes were developed such that students 




enrolled in the air pollution course attended 14 three-hour class sessions (over 17 weeks), 
which were divided by topic area. The following paragraphs briefly introduce the active learning 
interventions and flipped classes integrated into the 14-session course curriculum. Table I.2 
provides a list of where each intervention was presented in the curriculum.  
Active learning interventions were developed using the following techniques: small-group 
exercises, interactive problem-solving sessions, hands-on equipment demonstrations, video-
followed-by-discussion exercises, student “team teach” presentations, and project group 
presentations. A total of 16 active learning interventions were integrated into the course 
curriculum. While Appendix A in the published manuscript (see ASEE) provides a description of 
each active learning intervention, defines the time required for each, and provides relevant 
references, a description of two active learning interventions, the “early atmosphere” small-
group exercise and the “team teach” intervention, is provided here. The “early atmosphere” 
small-group exercise, given in the first lesson of the course, began with providing students 
several satellite images of Venus and Earth and asking students to think about why Venus’ 
atmosphere developed differently from Earth’s atmosphere. Several basic air pollution terms, 
such as atmosphere, air, weather, and climate were then defined for the students. Students 
were subsequently broken into groups of 4 or 5 and given 10 minutes to think through how the 
Earth’s present-day atmosphere developed. Students were asked not to look up the answer on 
the internet, but to think through how major gases (N2, O2, Ar, etc.) came to have appreciable 
concentrations in our atmosphere and why these gases did not develop on Venus. Each group 
then discussed their response with the rest of the class. The “team teach” approach was 
designed such that a group of 4-5 students would introduce a gaseous pollutant to their peers at 
the beginning of the appropriate class period (see Table I.2). Student groups selected a 
gaseous pollutant (SOx, NOx, VOCs, O3) at the beginning of the course (i.e. Week 2) and the 
instructor posted relevant materials such as reading assignments, PowerPoint slides, and 
handouts to BlackBoard in advance. Students were expected to prepare for the “team teach” 
prior to class and then present the material at the beginning of the class for approximately 5 
minutes. Introductory material that students presented for each gaseous pollutant included 
pollutant sources, human health effects, environmental effects, and applicable regulations (e.g. 
the National Ambient Air Quality Standards).  
A total of 4 flipped classes were integrated into the course curriculum (full descriptions 
available in published manuscript). Topics for flipped classes were selected by the instructor to 





Table I.2. Active learning interventions and flipped classes integrated into the course curriculum 
by week. Active learning interventions are annotated with an “I” (i.e. I1 – I16) and flipped classes 
are annotated with a “F” (i.e. F1 – F4).   
Week Air Pollution Subject Areas Intervention / Flipped Class 
1 History, Structure of Atmosphere, and 
Legislation 
I1: Early atmosphere small-group exercise 
2 Introduction to Particulate Matter (PM) 
& Nature of PM 
I2: Nature of PM interactive problem-solving 
exercise 
3 PM Control – Cyclones and Baghouses I3/I4: Cyclone and baghouse interactive 
problem solving exercises 
4 PM Control – Electrostatic Precipitators 
(ESPs) and Scrubbers 
I5/I6: ESP and scrubber interactive problem-
solving exercises 
5 No Class (President’s Day) N/A 
6 PM Review, Exam Preparation, and 
introduction to Ideal Gas Law 
I7: FE & PE exam preparation question & 
answer period 
F1: PM problem-solving lesson 
7 Midterm Exam  N/A 
8 Gaseous Pollutant Introduction, 
Nitrogen Oxides (NOx), Ozone 
I8/I9: Team teach: NOx and Ozone 
9 Spring Break N/A 
10 Volatile Organic Compounds (VOCs) I10: Team teach: VOCs 
11 Mobile Pollutant Sources & Sulfur 
Dioxide Control 
I11: Team teach: SOx    
I12: Mobile source video and exercise 
F2: Acid rain sources and effects 
12 Indoor Air Pollution (IAP) 
 
I13: Hands-on IAP equipment 
F3: IAP in developing countries  
13 Project Compensation Time N/A 
14 Carbon Control & Stratospheric Ozone I14: Pre- and Post-industrial carbon balance 
exercise 
F4: Carbon capture, transport, sequestration 
15 Dispersion Modeling I15: Indoor air pollution project presentations 
16 Noise Pollution, Current Topics in Air 
Pollution, and Course Review 
I16: Current topic in air pollution presentations 
17 Final Exam N/A 
 
also considered the following factors in selecting topics for flipped classes: availability of 
literature (i.e. recently published relevant journal articles), perceived student interest in the 
topics, and placement of the flipped class in comparison to other interventions. Of the four topic 
areas selected, the PM problem-solving lesson was the most quantitative and the indoor air 
pollution in developing countries lesson was the most conceptual (i.e. contained no equations or 
problems). The carbon capture, transport, and sequestration lesson contained several topics 
that most students had not yet been exposed to in their environmental engineering education, 




lessons. All lesson materials were posted to our university’s online Blackboard site at the 
beginning of the semester for student review and preparation prior to the flipped classes.   
I.6. Survey Methods 
Students were issued two surveys, one at the course mid-point and one at the course 
conclusion, to assess the effectiveness of the active learning interventions and flipped classes 
on a 5-point Likert scale (5 = strongly agree, 4 = agree, 3 = neither agree or disagree, 2 = 
disagree, 1 = strongly disagree). The mid-course survey was issued so that students could 
provide responses concerning several active learning interventions and one flipped class while 
the interventions were still fresh in their mind. Between the two surveys, students were asked to 
respond and/or comment on several specific active learning interventions and on each of the 
four flipped classes. Both surveys were kept to 10 questions in length, which allowed for the 
instructor to assess some interventions, but not each in depth. On each survey, several general 
questions regarding student perceptions of active learning interventions and flipped classes 
were posed prior to surveying specific interventions. Further, several open-ended questions 
concerning flipped classes were posed to students on the end-of-course survey. Each question 
posed is included in published manuscript. Responses to open-ended questions posed on the 
end-of-course survey are also found in the published manuscript. The surveys were not 
discussed in class to keep student responses unbiased; however, the instructor did state that 
the purpose of the surveys was to gauge how students learned using the active learning and 
flipped class techniques, and that their responses would measure the effectiveness of each 
surveyed intervention. To ensure full student anonymity, the survey was conducted outside of 
the Blackboard environment using Survey Monkey; the instructor did not administer the survey 
and only saw anonymized results after the end of the semester. We also incorporated relevant 
comments from our institution’s anonymous student course-end survey in our analysis (see 
published manuscript).    
I.7. Assessment of Student Responses 
Of the 19 students enrolled in our air pollution course, 16 elected to respond to the mid-
course survey and 9 responded to the end-of-course survey. Up front, students were first asked 
on the mid-course survey if they preferred a lecture-based format for learning air pollution 
topics, or if they prefer discussion-based formats (i.e. an active learning or flipped format) for air 
pollution topics. Responding students indicated a preference for a lecture-based format 




student preference for traditional lecture formats is common, especially with students who may 
be unfamiliar with the flipped class approach (Mason et al., 2013).  
In general, students indicated that the active learning interventions aided in their 
understanding and helped them stay engaged during the 3-hour time period. Between the mid-
course and end-of-course survey, there was a slight uptick in student responses indicating that 
student perceptions of active learning interventions were more favorable after taking the entire 
course and being exposed to all 16 interventions (see Table I.3). Specifically, a paired 
comparison of individual student responses between surveys indicated that 5 students who 
answered “agree” on the question “active learning techniques used in class have aided in my 
understanding of air pollution topics” on the mid-course survey switched their answer to 
“strongly agree” on the end-of-course survey. A similar uptick between surveys was observed 
when students were asked whether flipped classes helped students stay engaged and 
interested during the 3-hour time period (see Table I.3); however, a paired comparison indicated 
little change in individual student responses between the mid-course and end-of-course 
surveys. At the mid-course survey, students had completed only one flipped class (PM problem 
solving), which may have influenced student responses. While more assessment data and a 
larger student population are required to determine statistical significance, student responses to 
both active learning interventions and flipped classes between the two surveys indicate an 
increasing trend in perceived effectiveness as they were exposed to more interventions. 
Due to the large number of active learning interventions and limited number of survey 
questions, only 6 of 16 interventions were selected for student survey. Specifically, two less 
traditional small-group exercises, the early atmosphere small-group exercise and the pre- and 
post-industrial revolution carbon cycle small-group exercise, and the “team teach” approach for 
introducing gaseous pollutants were selected for survey. These specific interventions were 
selected over other interventions because each was newly developed for the semester in which 
students were surveyed, and the instructor was particularly interested in student perceptions of 
each. Student responses are summarized in Table I.4. Students were asked two questions 
concerning the “team teach” approach, the first of which is found in Table I.4. The second 
question asked if the intervention helped them stay engaged in interested during the three-hour 
class period. Student responses to this question were neutral (3.00/5.00 mean Likert score; 6 
“agree” responses, 6 “disagree”, and 4 “neither agree or disagree” responses). Students also 




course end survey (see published manuscript), indicating that the intervention was not beneficial 
and failed to help them learn the material.   
 
Table I.3. Change in student perceptions between the mid-point and end-of-course surveys 
concerning active learning interventions and flipped classes. Responses were recorded on a 5-
point Likert scale. Mean scores from survey data are bolded and the number of student 
responses in each category are provided. 
Question Mid-course Survey Response 
(n = 16 respondents) 
End-of-Course Survey 
Response 
(n = 9 respondents) 
The active learning techniques used 
in class have aided in my 
understanding of air pollution topics. 
4.00 of 5.00 
Strongly Agree = 4 
Agree = 8 
Neither Agree or Disagree = 4 
4.33 of 5.00 
Strongly Agree = 5 
Agree = 3 
Disagree = 1 
The “flipped” classes helped me stay 
engaged and interested during the 
3-hour time period allotted for this 
class.1 
3.31 of 5.00 
Agree = 8 
Neither Agree or Disagree = 5 
Disagree = 3 
3.78 of 5.00 
Agree = 8 
Disagree = 1 
1 A similar question was posed on the mid-course survey for active learning (i.e. active learning helped 
students stay engaged and interested), but was not asked on the course-end survey. Responses on the 
mid-course survey indicated that active learning classes kept students more engaged and interested than 
flipped classes (responses: strongly agree = 5, agree = 7, neither agree or disagree = 3, disagree = 1). 
This response may have been influenced by the fact that only one flipped class (PM problem solving) had 
been completed when the mid-course survey was issued.  
 
Table I.4. Student responses to questions concerning active learning interventions. The 
intervention number is listed (see also Table I.1). Mean scores from survey data are bolded and 
the number of student responses in each category are provided. 
Active Learning Intervention Intervention helped the student learn the concept 
I1. Early atmosphere exercise 
(n = 16 respondents) 
3.63/5.00 
Strongly Agree = 3 
Agree = 8 
Neither Agree or Disagree = 1 
Disagree = 4 
I8 – I11. Team teach approach for introducing 
gaseous pollutants (SOx, NOx, VOCs, O3) 
(n = 16 respondents) 
2.69/5.00 
Agree = 4 
Neither Agree or Disagree = 3 
Disagree = 9 
I14. Pre- and Post-Industrial Revolution Carbon 
Exercise 
(n = 9 respondents) 
3.33/5.00 
Agree = 5 
Neither Agree or Disagree = 2 
Disagree = 2 
 
Students were asked to respond to two questions concerning each flipped class. First, 
students were asked whether the flipped class technique helped them understand the lesson 




for understanding the lesson objective. Responses for each flipped class are stated in Table I.5. 
Based on mean Likert scores, students indicated that the flipped class was preferable to a 
lecture format for three of the four lessons: PM problem solving, acid rain sources and effects, 
indoor air pollution in developing countries. The only flipped class for which students would have 
preferred a standard lecture format was the carbon capture, transport, and sequestration 
lesson. This lesson contained several topics to which most students had not yet been exposed, 
such as transportation of liquid carbon dioxide and supercritical pulverized coal plants, which 
may have influenced student responses. Student preference for 3 of the 4 flipped classes 
indicates a shift from their initial responses regarding a preference on the mid-course survey for 
the traditional lecture format.  
Students were also asked several open-ended questions concerning flipped classes on 
the end-of-course survey. Responses to each are provided in the published manuscript. 
Specifically, students were asked whether or not they sought out and used additional material 
beyond what the instructor provided to prepare for the flipped classes. Of the nine respondents, 
only two stated that they had at some point. Students were also asked how long they prepared 
for the flipped classes. Responses varied, but each of the nine respondents indicated taking 
less than 1 hour to prepare, and the average preparation time was approximately 30 minutes. 
Responses to these questions indicate that the majority of students did not take significant time 
to prepare for the flipped classes, despite instruction that they needed to complete all of the 
assigned reading to adequately participate in class. Relevant comments concerning flipped 
classes were also extracted from our institution’s standard course-end survey (published 
manuscript). Comments regarding flipped classes on this survey were mixed, with some 
students providing positive feedback (e.g. they liked the flipped class format or it helped them 
learn the material) (n = 7 comments), some providing neutral constructive feedback (e.g. the 
flipped class should be the last event in class because it was tough to transition back to regular 
lecture afterwards) (n = 5 comments), and some providing negative feedback (e.g. they disliked 
the flipped class format because it did not help them remember the material or they felt rushed) 
(n = 3 comments) (published manuscript). While it is difficult to extrapolate any specific trend 
from comments on our institution’s course-end survey, the variety of comments concerning 
flipped classes indicates that the approach is impactful and many students gained some benefit 
from the interventions.  
Several trends are observed from the student responses. First, as stated, the students’ 




increased from the mid-course survey to the end-of-course survey. Second, as indicated by 
student responses, some interventions were perceived as more effective in helping students 
learn the lesson objective than others. While most student responses were generally neutral or 
slightly favorable (i.e. mean Likert score between 3.0 and 4.0), the “team teach” intervention 
was less well received. Third, based on mean Likert score, students preferred the flipped class 
approach for three of the four selected topics. The only flipped class for which students 
preferred the traditional lecture format was one that introduced several new highly technical 
topics to which they had not been previously exposed.      
 
Table I.5. Student responses to questions concerning flipped classes. Mean scores from survey 
data are bolded and the number of student responses in each category are provided. Based on 
mean Likert score, students preferred the flipped approach for three of the four classes (PM 
problem solving, acid rain sources and effects, and IAP in developing countries).  
Flipped Class Flipped class technique was 
helpful in understanding the 
lesson objective 
Student preferred a standard 
lecture format for understanding 
the lesson objective 
PM problem solving 
(n = 16 respondents) 
3.69/5.00 
Strongly Agree = 2 
Agree = 8 
Neither Agree or Disagree = 5 
Disagree = 1 
3.13/5.00 
Agree = 6 
Neither Agree or Disagree = 6 
Disagree = 4 
Acid rain sources and effects 
(n = 9 respondents) 
 
3.78/5.00 
Agree = 8 
Disagree = 1 
3.33/5.00 
Strongly Agree = 1 
Agree =2  
Neither Agree or Disagree = 5 
Disagree = 1 
IAP in developing countries 
(n = 9 respondents) 
4.00/5.00 
Agree = 9 
3.11/5.00 
Strongly Agree = 1 
Agree = 2 
Neither Agree or Disagree = 3 
Disagree = 3 
Carbon capture, transport, 
sequestration 
(n = 9 respondents) 
3.22/5.00 
Agree = 4 
Neither Agree or Disagree = 3 
Disagree = 2 
3.67/5.00 
Strongly Agree = 1 
Agree = 5 
Neither Agree or Disagree = 2 
Disagree = 1 
 
I.8. Integration of Student Feedback 
Student survey data indicate that the active learning interventions and flipped classes, in 
general, were a useful addition to the course curriculum and were helpful in achieving some 
lesson objectives. However, not all interventions were viewed as effective, and in an effort to 
continuously improve (ABET Criterion 4), several modifications to the course will be made. First, 




asking small groups of students to prepare before class and teach their peers, students will 
break into small groups at the beginning of class and the instructor will pose a series of short 
questions. The questions will cover the material that was previously incorporated into the “team 
teach” and student groups will present answers to each question to their peers. Second, we will 
modify the flipped class on carbon capture, transport, and sequestration, which received the 
lowest Likert score from students concerning effectiveness of learning lesson objectives using 
the flipped class format. Instead of the reading from the Intergovernmental Panel on Climate 
Change and the reading assignment from the course text (see published manuscript), students 
will be provided with two or three current articles discussing carbon capture, transport, and 
sequestration technologies. In class, where student groups taught each other the main lesson 
objectives through discussion and course materials (e.g. PowerPoint slides), student groups will 
instead be given a scenario where they must develop a solution using relevant carbon capture, 
transport, and sequestration technologies from the reading. Third, to better determine the 
effectiveness of each intervention, students will be issued informal, anonymous surveys after 
each intervention to identify necessary changes. Issuing the survey immediately following the 
lesson will allow students to provide feedback while the intervention is still fresh in their minds, 
and will give the instructor the ability to make immediate adjustments to future interventions as 
required.    
I.9. Conclusions  
This study presents several active learning interventions and flipped classes that can be 
used in air pollution courses. Maintaining student engagement in courses with longer class 
periods, such as a 3-hour evening course, is important to student learning. There is no clear-cut 
approach to achieving this objective; however, results from this study indicate that selected 
active learning interventions and flipped classes may be a means to enhance student 
engagement and learning. Survey responses also indicate that students will view some 
interventions as effective in teaching lesson objectives, while others may be perceived as less 
effective (e.g. the “team teach” intervention). Some interventions were likely viewed as more 
effective for several reasons, which include the amount of time required for students to 
adequately prepare for the intervention outside of the classroom, the difficulty of the subject 
matter, and the quality of the intervention itself. Further, some students may prefer that 
engineering topics be taught in a more traditional lecture format, regardless of how well-
designed or thoughtful the intervention may be. Our experience also indicates that choosing the 




increase student engagement and learning. Considerations for selecting an appropriate 
intervention should include the amount of time students are required to prepare outside of class, 
the amount of time the intervention takes within the class itself, relevancy to the lesson 
objective. Instructors may also find that flipping classes that cover conceptual material will better 
facilitate student learning rather than flipping classes with more quantitative material or material 
that introduces new or complex topics. The instructor should also place interventions such that 
they occur routinely throughout the course. Having multiple consecutive interventions, or 
periods with no interventions, may detract from student learning. Further, selected interventions 
may not be immediately effective and may require modification from year to year. Instructors 
should continually assess interventions they use in class, and ask students for frequent 
feedback. For interventions in our air pollution course, more student survey information, coupled 
with assessment data, collected over several years is likely required to determine which of the 
presented interventions are most effective and which interventions need to be modified or 
eliminated. Despite this, student feedback indicated that several interventions, such as the 
indoor air pollution in developing countries flipped class and the early atmosphere small-group 
exercise, show promise for improving student learning and keeping students engaged during 
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J.1. Abstract 
During the past decade, our university has offered a senior undergraduate/graduate-
level course that focuses on onsite water reclamation covering the selection, design, and 
implementation of onsite and decentralized treatment systems. A major element used to assess 
student learning is a culminating project that asks students to critically review an onsite water 
reclamation or reuse technology, identify lessons learned from an onsite case study, or design 
an onsite treatment system for a specific application. During course deliveries in 2014 and 
before, non-technical considerations focused on regulatory requirements and project owner 
needs. In 2016 and 2017, a different instructor integrated socio-economic and cultural 
considerations, through course content focused on onsite water, sanitation, and hygiene 
(WaSH) efforts in developing countries, as a major course theme. To assess whether students 
valued the integration of non-technical considerations, 22 student projects spanning a period of 
four academic semesters between 2014 and 2017 were analyzed using two approaches. 
Projects were analyzed (1) for the degree of integration of non-technical considerations and (2) 
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by term frequency mining and term frequency-inverse document frequency (tf-idf). The 
integration of socio-economic and cultural considerations into the course project increased in 
2016 and 2017, with five of twelve student teams in 2014 and eight of ten student teams in 2016 
and 2017 integrating non-technical considerations in their analysis. Gender demographics and 
graduate standing were not correlated with the degree of integration of non-technical 
considerations. Term frequency analysis and tf-idf showed that key terms in the “social” and 
“energy” categories were used significantly more in the 2016 and 2017 course projects, while 
use of technical terms did not change. Increasing emphasis and content of nontechnical 
concepts through integration of WaSH principles appears to have enhanced student 
consideration of these concepts while maintaining technical content.  
J.2. Introduction  
Appropriate and sustainable solutions to water and sanitation need to be effective while 
being affordable, socially acceptable, and sustainable. In the U.S. and most industrialized 
nations, centralized treatment and distribution/collection approaches are common for urban 
areas and population centers. However, in many situations within the U.S. and in developing 
countries, such practices are neither cost-effective nor sustainable for a number of reasons, 
including low-density development, rugged topography, and cultural constraints, among others. 
In these instances, onsite or satellite water treatment systems can be used to protect public 
health and environmental quality while having low energy and chemical consumption and 
enabling beneficial reuse of water and nutrients (Siegrist, 2017). In addition to technical 
considerations, non-technical factors such as socio-economic, political, and regulatory issues 
need to be considered in developing holistic solutions that are acceptable to the users. This can 
be especially true in developing countries, and in contexts where WaSH (Water, Sanitation, and 
Hygiene) interventions are required (UNICEF, 2015).  
Our university offers a semester-long course to educate students on onsite water 
treatment topics, including the selection, design, and implementation of onsite and distributed 
(hereafter referred to as decentralized) treatment systems. The course was developed over a 
period of several years and first offered to senior undergraduates and graduates in 2006 
(Siegrist, 2014). During course deliveries in 2014 and before, non-technical considerations 
incorporated into the course principally focused on regulatory requirements and project owner 
requirements. However, since its development, the course has been included as an elective in 
our university’s Humanitarian Engineering minor program. In 2016 and 2017, a different course 




cultural considerations, throughout the course content with an emphasis on WaSH efforts in 
developing countries.     
To evaluate the impact of integrating the aforementioned non-technical considerations 
into the course, term frequency analyses were employed. Term extraction, or term mining, is a 
technique for identifying relevant terms and the frequency they occur within a given corpus, or 
collection, of documents for further analysis (Jacquemin & Bourigault, 2005). Term frequency 
analyses used in engineering education to identify and examine significant words to student 
education include simple term counts or term frequency-inverse document frequency (tf-idf), 
amongst others (Chen et al., 2011). Tf-idf is one of the most commonly used approaches for 
term weighting (Aizawa, 2003) and is described further in Section J4. Such term frequency 
analyses have been used in numerous educational contexts, from examination of Master’s 
thesis and PhD dissertations to identify common topics (Rivera & Larrondo-Petrie, 2017), to 
engineering term language gaps between professors and students in freshman-level 
engineering courses as a barrier to learning (Variawa et al., 2013; Variawa & McCahan, 2012).  
J.3. Course Description and Student Demographics 
Our university’s onsite course focuses on the selection, design, and implementation of 
decentralized systems for water reclamation and reuse. Topics include process analysis and 
system planning, engineered and natural system treatment units, alternative collection systems, 
and effluent dispersal and reuse options. During the course, students are expected to 
demonstrate that they can: (1) describe multiple treatment units, collection approaches, and 
effluent dispersal and reuse options for onsite/decentralized sanitation; (2) evaluate advantages 
and disadvantages of options; (3) identify and use relevant design equations; (4) consider socio-
cultural contexts; and (5) work in teams to write a project report and present their findings.  
In 2016, to help students think holistically about the integration of decentralized 
technologies in a variety of contexts, a new instructor placed increased emphasis on integrating 
non-technical concepts into the course curriculum, to include socio-economic considerations, 
cultural considerations, and political considerations, beyond regulatory and project owner 
considerations that already were part of the course curriculum. The new instructor also 
emphasized concepts related to WaSH in developing countries, including an overview of low-
complexity sanitation systems. The added topics, reading assignments, discussion and session 
objectives are summarized in Table J.1.  
Classes included a mix of graduate students and undergraduates. All student 




J.4. Description of Course Project 
The course project was designed for students to demonstrate their synthesis of material 
learned throughout the course. Students were given three example project types, although 
teams were told they could propose a different type of project if they desired. Project types 
included: (1) technical analysis of a specific device or technology; (2) a review of lessons 
learned from case studies of decentralized system applications; (3) design of a decentralized 
system for a specific project. The project requirements were the same for all semesters 
examined in this study; however, for courses taught in 2016 and 2017, students were 
specifically encouraged to consider non-technical aspects of their selected project (type 1, 2 or 
3), as appropriate.  
Students self-organized into teams of one to five students to prepare a project report 
less than 20 pages in length. In the report, students were instructed to describe the scope of 
their project, clearly and concisely present their evaluation and analysis, and to provide 
recommendations for implementation and future work. Student teams were required to meet 
several mid-semester milestones, to include a mid-course project proposal (due six weeks into 
the course), a description of a chosen project (due nine weeks into the course), a report outline 
(due 11 weeks into the course), and a draft bibliography (due 14 weeks into the course).   
The projects were graded on the following criteria in 2016 and 2017: (1) clarity of the 
context and stated purpose (13.3%); (2) technical evaluation with supporting tables and figures 
(26.6%); (3) consideration of non-technical (social, cultural, economic) factors (13.3%); (4) 
discussion of implications of the work, as well as issues and constraints (13.3%); (5) clarity of 
conclusions and recommendations (13.3%); (6) quality of references (6.7%); (7) project 
formatting, spelling, grammar, and editorial quality (13.3%). Grading criteria were similar in 
2014; however, non-technical factors were not graded.  
 
J.5. Methods of Assessment 
To access the effect of integrating more emphasis on current and additional non-
technical concepts into the course, the project reports were assessed using two methods. The 
first assessment method involved a survey of course projects and project assessment sheets for 
non-technical content. After the level of non-technical content was assessed, reports were 
binned into four categories: (1) no non-technical integration; (2) brief discussion of non-technical 
content; (3) substantial consideration of non-technical content; and (4) primary focus on non-




course was taught (i.e., pre-intervention (terms 14-1 and 14-2), and post-intervention (terms 16-
2 and 17-2)). Terms 14-1 and 14-2 were representative of earlier course deliveries and were 
used as a reference for assessing the integration of non-technical concepts in 2016 and 2017. 
The impact of team demographics on the non-technical content was also evaluated. 
Specifically, the level of non-technical content for each project was compared to the ratio of 
male-to-female students and the ratio of graduate-to-undergraduate students per project group 
and subjected to regression statistics to determine statistical significance. 
The second method of assessment involved term frequency analyses. Term document 
matrices were generated in R version 3.4.2. All course project reports were first merged into a 
single corpus using R library pdftools (Ooms, 2017). Two analyses were then conducted using 
the TermDocumentMatrix function within the R library tm version 0.7-3: (1) term frequency and 
(2) term frequency-inverse document frequency (tf-idf) (Feinerer & Hornik, 2017). Parameters 
included converting all letters to lower-case, as well as removing stop words, numbers, and 
punctuation. Common words, such as “the” and “and”, were eliminated during the term mining 
process. While term frequency counts each individual word occurrence and bins them by 
document, tf-idf is a statistical method that reflects how important a word is to a particular 
document within a corpus of documents (e.g., term project reports). More specifically, tf-idf 
determines the relative frequency of terms in an individual document compared to the inverse 
proportion of that word over the entire document corpus (Blei et al., 2003; Robertson, 2004). For 
both analyses, a minimum threshold of five occurrences within the 22 project reports was 
established for term examination. Relevant terms were binned into six categories for analysis: 
(1) social, (2) sustainability, (3) WaSH, (4) economic, (5) energy, and (6) technical (not energy- 
related). Terms that did not fall into one of the 6 categories were not considered. Similarly, 
terms that have several meanings and were used in different contexts within course projects 
were not considered. For example, the term “diversity” was not considered because it can be 
applied in several contexts, such as microbial diversity or social diversity. The paired t-test was 
used to determine statistically significant differences in the use of key terms within each of the 
aforementioned six categories. First, the mean use of each key term was determined for pre-
intervention course projects (n = 12) and post-intervention course projects (n = 10) for 
comparison. Second, all key terms within the category (e.g., for the “social” category, all key 
terms including “stakeholder”, “education”, etc.) were subjected to the paired t-test. If the 
resulting p value was < 0.05, then the use of key terms within a category was determined to be 




Table J.1. Summary of course content added in 2016 to increase emphasis on WaSH. 








focus on pp. 2-3, 5, 
15-25 
• What is WaSH? 
• In groups of 4-5, script race to define each of these terms 
• Why are these lumped together? 
Define WaSH, goals 
WaSH, 
continued 
UN Water Investing in 
Water and Sanitation: 
Increasing Access, 
Reducing Inequalities 
Student-centered discussion on specific WaSH efforts, 
stakeholders  
1. What is JMP? What is WHO? UNICEF? 
2. Who works on WaSH? 
3. What is your role, as engineers? 
Identify who works on sanitation. 














1. Who is Eawag? 
2. What is sanitation? 
3. What is environmental sanitation? 
4. What kinds of interfaces, collection, etc. do we use in US? 
Interfaces—options?  
5. Sewers: learned about in other classes? 
6. What design guidelines are specified? 
7. Planning and design—intro to next week’s topic 
Provide overview of sanitation 
systems (Eawag sanitation 








This reading is focused on developing country scenarios. What 
are the broad categories of considerations? 
 
Which of the technical and physical criteria are also relevant in 
developed countries? 
Socio-cultural aspects? 
Political and institutional? 
Financial and economic? 
Financing schemes? 
Appreciate that considerations 





Mihelcic, et al. (2009) 
Field Guide Ch 3 
Planning exercise to evaluate sanitation options for a local 
community: 
Formulate an approach to conducting this evaluation. 
What information would you gather, from where/whom?  
Why should you be hired? (ignoring schedule and cost) 
Describe methodical approach to 




Table J.1. Continued. 
Class session Reading Discussion Objectives 
Latrines 
Mihelcic et al. Field 
Guide Ch. 20 through 
Ch. 20.2.2 (up to p. 
394) 
Overview of latrines, pros & cons 




Mihelcic et al. Field 
Guide Ch. 20.2.3 on 
(p. 394+) 
Education: community-dependent; community/school classes; 
latrine info (materials, maintenance, different types, 
construction); cost; accountability plan; games/competition; 
partner with community members 
Feasibility: stakeholder mapping; cost/benefit analysis; 
materials/construction; economic/business development 
opportunities; behavior change; technical considerations 
Maintenance: incentives to attend classes; job creation or 
rotation plan; set definite dates; materials easily accessible; 













Table J.2. Report titles by semester, student demographics, and binned category. Graduate-to-undergraduate ratios and gender ratios 
(male-to-female) are displayed, Categories were weighted: “technical only” = 1; “non-technical discussed” = 2; “non-technical 













Anaerobic Treatment and Nitrogen Management Livestock 
Waste from Small Farming Operations 
2:0 1:1 Technical 
Only 
2 
Passive onsite and natural water treatment train design for 
kitchen graywater effluent from Butare Central Prison, 
Rwanda 
3:0 2:1 Non-technical 
Discussed 
3 
Chlorine, UV and Ozone Disinfection 
Technologies for Onsite and Decentralized 
Wastewater Treatment 
1:0 0:1 Technical 
Only 
4 
Developing Nations: A look into onsite and decentralized 
systems 
0:3 2:1 Non-technical 
Discussed 
5 
Living Machine for Wastewater Treatment for New 
Apartment Complex in Tucson, AZ 
2:0 1:1 Technical 
Only 
6 Membrane Bioreactors and Domestic Wastewater 
2:0 1:1 Non-technical 
Discussed 
7 Decentralized System Design for Pine Ridge, South Dakota 






Lessons Learned from Case Studies of Decentralized 
System Applications of Constructed Treatment Wetlands 
3:0 0:3 Technical 
Only 
9 
Onsite Treatment Evaluation: Elm Hall (Colorado School of 
Mines) 
1:0 0:1 Technical 
Only 
10 
Summit View Village: Onsite Wastewater Treatment 
Considerations 
0:4 1:3 Technical 
Only 
11 Treatment Solutions for Red Rocks Amphitheater 
3:0 1:2 Technical 
Only 
12 Design of a Constructed Wetland in Leadville, CO 










Biochar BEST System for Onsite Remediation of Abandoned 
Mines Sites 
0:5 1:4 Non-technical 
Discussed 
2 
Design, Improvement, and Implementation of Compositing 
Sanitation Systems in Rocky Mountain National Park 
1:4 2:3 Non-technical 
Discussed 
3 
An Analysis of a Proposed Onsite Wastewater Treatment 
System for the Madha Community 
2:3 0:5 Non-technical 
Focus 
4 Microbial Fuel Cells in Onsite Applications 
0:5 2:3 Technical 
Only 
5 
Technical Analysis of Sequencing Batch Membrane 
Bioreactor Report 






Preliminary Design Proposal to Address 2035 NPDES 
Permit Compliance for Page Wastewater Treatment Plant 
5:0 3:2 Non-technical 
Considered 
7 Onsite Graywater Reuse at Colorado State University 
1:2 1:2 Non-technical 
Considered 
8 Constructed Wetlands for Wastewater Treatment 
0:5 2:3 Non-technical 
Discussed 
9 
Sewage-Fed Aquaculture in Vietnam: A Comparative Study 
of Rural and Urban Systems 
0:4 0:4 Non-technical 
Focus 
10 Onsite Wastewater Treatment Feasibility Study for The Fort 





J.6. Results & Discussion 
J.6.1. Survey of Course Projects for Non-Technical Content 
As shown in Table J.2, the aggregate level of non-technical (i.e., socio-economic, 
political, and cultural) content integration into course projects increased from 2014 to 2016 / 
2017. Specifically, in 2014, 5 of 12 course projects showed some level of non-technical content 
integration, while 8 of 10 showed some level of non-technical integration in 2016 / 2017. Post-
intervention, two projects examined non-technical concepts centered on WaSH interventions in 
Vietnam and in Maharashtra, India, while only two project groups failed to integrate any socio-
economic, political, and cultural considerations into their analysis. Comparatively, pre-
intervention, the majority of course projects (7 of 12) considered technical aspects only and did 
not consider the aforementioned non-technical themes.  
Assigning a weighting factor, i.e. technical only = 1, non-technical discussed = 2, non-
technical considered = 3, non-technical focus = 4, to each project and averaging the values for 
projects pre- and post-intervention, an increase from 1.7 to 2.4 is observed. The increase in 
integration of socio-economic, political, and cultural considerations into course projects post-
intervention suggests that the increased emphasis on these non-technical themes, in the 
context of WaSH in developing countries, within the course helped enhance student 
understanding and aided in the synthesis of these concepts as part of a holistic solution for 
decentralized users.  
J.6.2. Impact of Student Demographics on Non-Technical Integration  
Most project groups were gender integrated (17 of 22, 77%). The five groups that were 
comprised of one gender were each female only; however, two of the five single-gender groups 
had only one student. Of the three female-only groups with more than one student, two 
produced the only “non-technical only” course projects (Table J.2). The third female-only group 
with more than one student selected a “technical only” project in 2014 (pre-intervention). An 
analysis of gender-integrated groups showed no statistically significant trends in the integration 
of non-technical content. A similar analysis of non-technical content integration and graduate 
student composition within each group also showed no statistically significant trend in the 
degree of non-technical integration.  
J.6.3. Term Frequency in Course Reports Pre- and Post-Intervention  
Mining of terms yielded 2866 unique terms. The terms with the greatest frequency in the 
22 course projects were: “treatment” (1042 occurrences), “water” (893 occurrences), “system” 




terms with less than 5 occurrences were removed, 2011 unique terms remained and were 
binned into the aforementioned 6 categories (see Section J4). Tables J.3 to J.8 show results for 
each category. A statistically significant increase in the use of key terms in the “social” category 
and the “energy” category was observed (Tables J.3 and J.7). A statistically significant increase 
in several key terms within the social category, to include the term “stakeholder”, which 
increased from 0 occurrences pre-intervention to 14 occurrences post-intervention, was also 
observed. Further, while the differences were not statistically significant, the mean use of key 
terms per project increased in the sustainability (81% increase; Table J4) and economic (33% 
increase; Table J.6) categories. A decrease in the mean use of terms per project in the technical 
category (6%; Table J.8) from pre- to post-intervention was also observed. Interestingly, terms 
in the “WaSH” category showed very little aggregate difference pre- to post-intervention (Table 
J.5). These results suggest that the integration of non-technical concepts increased student 
awareness and integration of such concepts in the course project. 
Results from the tf-idf analysis were binned into 6 categories in the same manner. Heat 
maps were constructed for the two term categories showing a statistically significant increase in 
terms post-intervention: social (Table J.9) and energy (Table J.10). Heat maps provide a clear 
visual depiction of term prevalence within each report, as well as which terms had the greatest 
impact. As shown in Table J.9, several social terms had increased values relative to others, 
principally in course projects post-intervention. More specifically, post-intervention course 
project report 3 had an increased prevalence of the social terms stakeholders, community, 
social, and education. Similarly, post-intervention course project report 9 had increased 
prevalence of the social terms human, humans, and culture. The heat map depicting tf-idf 
values for energy terms (Table J.10) shows less distinction between course projects pre- and 
post-intervention with the exception of post-intervention course report 4, which had increased 
values for many energy-related terms, including “fuel”, “electricity”, “electrical”, and “power”. The 
tf-idf analysis shows in granular detail how key terms are distributed amongst course projects, 
and how specific project reports can influence the overall term frequency analysis. In this 
analysis, the increased prevalence of social terms was most distributed amongst post-
intervention projects; however, the increased prevalence of energy terms was concentrated in 






Table J.3. Change in frequency for “social” terms pre-intervention to post-intervention. Paired t-
test of the two populations indicates a statistically significant change in the mean use of key 
terms per project pre- and post-intervention (two-tailed p = 0.045). Percent change is defined 









Stakeholders 0 14 N/A 
Education 1 17 1600% increase 
Social 2 24 700% increase 
Community 24 125 420% increase 
Society 1 5 400% increase 
Human / Humans 10 38 280% increase 
Culture / Cultural 5 10 100% increase 
Population 13 26 100% increase 
Acceptance 8 12 50% increase 
People 22 26 9% increase 
Category Total 87 295 239% increase 
Mean per Project 7.25 29.5 307% increase 
 
 
Table J.4. Change in frequency for “sustainability” terms pre-intervention to post-intervention. 
Paired t-test of the two populations indicates no statistically significant change in the mean use 
of key terms per project pre- and post-intervention (two-tailed p = 0.093). Percent change is 









Scarcity 1 10 900% increase 
Sustainability 2 14 600% increase 
Development 10 25 150% increase 
Sustainable 19 19 No change 
Goals 20 17 15% decrease 
Policy 5 1 80% decrease 
Category Total 57 86 51% increase 







Table J.5. Change in frequency for “WaSH” terms pre-intervention to post-intervention. Paired t-
test of the two populations indicates no statistically significant change in the mean use of key 
terms per project pre- and post-intervention (two-tailed p = 0.921). Percent change is defined 









Health 20 37 85% increase 
Toilet(s) 61 83 36% increase 
Sewage 21 27 29% increase 
Sanitary 4 5 25% increase 
Sanitation 35 40 14% increase 
Urine 29 23 21% decrease 
Latrines 7 4 43% decrease 
Fecal 24 5 79% decrease 
Washing 6 1 83% decrease 
Disease 8 0 N/A 
Category Total 286 244 15% decrease 
Mean per Project 23.8 24.4 2% increase 
 
Table J.6. Change in frequency for “economic” terms pre-intervention to post-intervention. 
Paired t-test of the two populations indicates no statistically significant change in the mean use 









Examined Terms (in decreasing order of term frequency): cost(s), benefit(s), economic, capital, million, 
expense, benefit, savings, inexpensive, owner, labor, money, funding, commission, investment, revenue, 
economically, valuable, fund, income, costly, purchase, financial 
Category Total 305 338 11% increase 
Mean per Project 25.4 33.8 33% increase 
 
Table J.7. Change in frequency for “energy” terms pre-intervention to post-intervention. Paired t-
test of the two populations indicates a statistically significant change in the mean use of key 









Examined Terms (in decreasing order of term frequency): energy, power, electricity, fuel, electrical, gas, 
heat, kWh, oil 
Category Total 100 229 129% increase 




Table J.8. Change in frequency for “technical” terms pre-intervention to post-intervention. Paired 
t-test of the two populations indicates no statistically significant change in the mean use of key 









Examined Terms: n = 348 
Category Total 10,387 8,074 22% decrease 
Mean per Project 856.6 807.4 6% decrease 
 
 
J.7. Conclusions & Future Work  
In an onsite water reclamation course, the intentional addition in focused class sessions 
on socio-economic, cultural, and political considerations appeared to increase student 
integration of such concepts, evidenced by the increased proportion of student project reports 
that included such consideration, as well as the quadrupled and tripled per-project relative 
frequency of terms specific to social and energy considerations, respectively. Such added 
consideration did not detract from the technical content of the reports. Team demographics 
based on student standing (senior vs. graduate student) and gender did not significantly impact 
consideration of non-technical factors. These results suggest that inclusion of WaSH concepts 
in an onsite water reclamation course may be an effective means to providing better context and 
thus designing for more sustainable onsite sanitation solutions. 
Future efforts may compare corresponding student presentations for these projects to 
look for similar trends. We also may control for instructor by evaluating projects under pre-
intervention conditions with the second instructor. We also recommend testing the effect of 




Table J.9. Heat maps of tf-idf weighted values for terms in the “social” category. Cells colored red indicate that the term did not 
appear in that particular course project. As the tf-idf value increases, indicating increasing importance of the term within the 
document and corpus of course projects, the cell color shifts to yellow and then to green. As depicted, most social terms had 




Term Report 1 Report 2 Report 3 Report 4 Report 5 Report 6 Report 7 Report 8 Report 9 Report 10 Report 11 Report 12
stakeholders 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
education 0.0E+00 0.0E+00 0.0E+00 5.0E-04 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
social 0.0E+00 4.8E-04 0.0E+00 0.0E+00 6.3E-04 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
community 0.0E+00 1.5E-04 2.0E-04 1.2E-03 5.9E-04 7.5E-04 2.1E-04 8.1E-04 0.0E+00 0.0E+00 0.0E+00 0.0E+00
society 0.0E+00 3.5E-04 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
human 0.0E+00 2.4E-04 0.0E+00 0.0E+00 1.3E-03 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 5.3E-04 1.1E-03
humans 0.0E+00 3.1E-04 0.0E+00 0.0E+00 8.1E-04 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 4.6E-04
culture 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 1.1E-03 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
cultural 0.0E+00 8.2E-04 0.0E+00 0.0E+00 1.1E-03 0.0E+00 1.1E-03 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
population 0.0E+00 4.3E-04 0.0E+00 2.0E-04 1.1E-03 0.0E+00 3.0E-04 2.9E-04 0.0E+00 0.0E+00 0.0E+00 3.2E-04
acceptance 0.0E+00 0.0E+00 0.0E+00 0.0E+00 9.8E-04 4.6E-04 5.2E-04 5.0E-04 0.0E+00 6.0E-04 0.0E+00 5.5E-04
people 1.8E-04 3.7E-04 0.0E+00 4.5E-04 6.4E-04 0.0E+00 0.0E+00 1.6E-04 1.7E-04 3.9E-04 1.3E-04 1.8E-04
Pre-Intervention (2014)
Term Report 1 Report 2 Report 3 Report 4 Report 5 Report 6 Report 7 Report 8 Report 9 Report 10
stakeholders 0.0E+00 0.0E+00 6.0E-03 0.0E+00 0.0E+00 2.7E-03 2.0E-03 0.0E+00 0.0E+00 0.0E+00
education 0.0E+00 8.1E-04 3.5E-03 0.0E+00 0.0E+00 3.1E-04 5.8E-04 2.2E-03 2.3E-03 0.0E+00
social 8.6E-04 0.0E+00 4.4E-03 0.0E+00 0.0E+00 5.4E-04 2.0E-03 1.4E-03 2.8E-03 0.0E+00
community 5.4E-04 2.2E-04 9.9E-03 2.0E-04 1.7E-04 1.4E-03 0.0E+00 2.1E-03 4.3E-04 2.4E-04
society 0.0E+00 0.0E+00 0.0E+00 0.0E+00 7.7E-04 7.9E-04 0.0E+00 0.0E+00 1.0E-03 1.1E-03
human 0.0E+00 7.1E-03 4.4E-04 0.0E+00 0.0E+00 0.0E+00 1.0E-03 0.0E+00 1.2E-02 0.0E+00
humans 0.0E+00 9.2E-04 0.0E+00 0.0E+00 0.0E+00 0.0E+00 6.6E-04 0.0E+00 4.4E-03 0.0E+00
culture 1.4E-03 0.0E+00 0.0E+00 1.1E-03 0.0E+00 0.0E+00 0.0E+00 0.0E+00 7.0E-03 0.0E+00
cultural 0.0E+00 0.0E+00 1.5E-03 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
population 0.0E+00 0.0E+00 7.8E-04 5.7E-04 2.4E-04 7.2E-04 1.1E-03 6.5E-04 1.2E-03 3.3E-04
acceptance 0.0E+00 5.6E-04 3.4E-04 0.0E+00 0.0E+00 0.0E+00 8.0E-04 3.0E-03 0.0E+00 0.0E+00





Table J.10. Heat maps of tf-idf weighted values for terms in the “energy” category. Cells colored red indicate that the term did not 
appear in that particular course project. As the tf-idf value increases, indicating increasing importance of the term within the 
document and corpus of course projects, the cell color shifts to yellow and then to green. As depicted, tf-idf values changed little pre- 
to post-intervention for energy terms with the exception of post-intervention report 4, which had an increased prevalence of several 
energy-related terms.  
 
 
Term Report 1 Report 2 Report 3 Report 4 Report 5 Report 6 Report 7 Report 8 Report 9 Report 10 Report 11 Report 12
energy 6.5E-05 2.0E-04 5.7E-05 8.1E-05 8.7E-05 1.4E-04 9.2E-05 1.2E-04 1.6E-04 3.6E-05 4.8E-05 3.3E-05
power 0.0E+00 1.3E-03 9.7E-04 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 1.2E-03 0.0E+00
electricity 0.0E+00 2.7E-04 3.5E-03 0.0E+00 7.1E-04 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 5.9E-04 0.0E+00
fuel 0.0E+00 1.9E-03 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
electrical 0.0E+00 7.1E-04 2.7E-03 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
gas 0.0E+00 0.0E+00 9.4E-03 1.5E-03 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
heat 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 8.3E-04 0.0E+00 0.0E+00 2.0E-03 0.0E+00
kwh 0.0E+00 4.1E-04 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
oil 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 7.0E-04
Pre-Intervention (2014)
